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INTRODUCTION, SUMMARY AND CONCLUSIONS
1 . 1 .  I N T R O D U C T I O N
L a s e r s 5 b e c a u s e  o f  t h e i r  s h o r t  w a v e l e n g t h  a n d  
n a r r o w  beam,  w i d t h  a r e ,  i n  m a n y  s e n s e s ,  i d e a l  s o u r c e s  o f  c o h e r e n t  
r a d i a t i o n  f o r  t h e  d o p p l e r  r a d a r  f i e l d .  T h e  s h o r t  w a v e l e n g t h ,  
g i v i n g  f i v e  o r d e r s  o f  m a g n i t u d e  o f  d o p p l e r  s h i f t  o v e r  m i c r o w a v e  
s y s t e m s ,  m a k e s  i t  p o s s i b l e  t o  m e a s u r e  l o w  v e l o c i t i e s  a n d  t h e  
n a r r o w  b e a m  w i d t h  p r o v i d e s  e x c e l l e n t  s p a t i a l  r e s o l u t i o n .  I t  w a s  
t h e r e f o r e  i n e v i t a b l e  t h a t  t h e  l a s e r  d o p p l e r  r a d a r  w o u l d  b e g i n  t o  
m a k e  a n  i m p a c t  i n  t h e  f i e l d  o f  v e l o c i t y  a n d  v i b r a t i o n  m e a s u r e m e n t .
F o r  t h e  e a r l y  e x p e r i m e n t s  r e t r o - r e f l e c t o r s  w e r e  f i x e d  
t o  t h e  t a r g e t  t o  g i v e  a m p l e  s i g n a l ;  h o w e v e r ,  i t  w a s  s o o n  r e a l i z e d  
t h a t  t h e  d e v i c e  s h o u l d  w o r k  w i t h  u n c o - o p e r a t i v e  t a r g e t s  i f  
c o m m e r c i a l  i n s t r u m e n t s  w e r e  t o  b e  v i a b l e .
S o m e  e x p e r i m e n t s  w e r e  p e r f o r m e d  ( 2 6  -  2 8 }  t o  
i n v e s t i g a t e  t h e  e f f e c t  t h i s  s o r t  o f  t a r g e t  h a d  o n  t h e  s i g n a l  l e v e l s  
o f  a  d o p p l e r  r a d a r ,  b u t  t h e s e  w e r e  b y  n o  m e a n s  c o n c l u s i v e .
W . K u l c z y k  ^  f o u n d  t h a t  t h e r e  w a s  s o m e t h i n g  l i k e  a  6  d b  l o s s  i n  
h i s  s y s t e m  t h a t  c o u l d  o n l y  b e  e x p l a i n e d  b y  i n t r o d u c i n g  a  s p e c k l e  
c o h e r e n c e  l o s s .  A  c o m p r e h e n s i v e  s u r v e y  o f  t h e  l i t e r a t u r e  o f  t h e  
t i m e  m a d e  i t  c l e a r  t h a t  u s e f u l  i n f o r m a t i o n  f o r  t h e  d e s i g n  o f ,  a n d  
t h e  p r e d i c t i o n  o f  t h e  p e r f o r m a n c e  o f ,  t h e  o p t i c a l  s y s t e m  o f  a 
l a s e r  d o p p l e r  r a d a r  w a s  l a c k i n g .
W h e n  w o r k  s t a r t e d  a t  t h e  U n i v e r s i t y  o f  S u r r e y  t o  
d e v e l o p  a t u r b i n e  b l a d e  v i b r a t i o n  m e a s u r i n g  i n s t r u m e n t ,  t h e  
s p o n s o r s  ( T h e  P a u l  I n s t r u m e n t  F u n d ) , t o o k  t h e  s a m e  v i e w .  T h e y  
q u o t e d  a s  o n e  o f  t h e  o b j e c t i v e s  o f  t h e  w o r k  : 11 3 )  S t u d i e s  o f
l a s e r  s p e c k l e  p a t t e r n s  a n d  t h e i r  e f f e c t  o n  D o p p l e r  s i g n a l  
( e s p e c i a l l y  w i t h  r o t a t i n g  o r  s i d e w a y s  t r a n s l a t i n g  t a r g e t ) .
M e t h o d s  o f  o v e r c o m i n g  t h i s  p r o b l e m . "
T h e  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s  w a s  c a r r i e d  o u t  
i n  p a r t  t o  r e a l i s e  t h e s e  o b j e c t i v e s  d i r e c t l y  a n d  a l s o  i n  p a r t  
t o  e x a m i n e  m o r e  c l o s e l y  t h e  e f f e c t s  o f  t h e  t a r g e t  s u r f a c e ,  w i t h  
a  v i e w  t o  o b t a i n i n g  d e s i g n  e q u a t i o n s  f o r  p r e d i c t i n g  t h e  s y s t e m  
p e r f o r m a n c e  f o r  a  p a r t i c u l a r  t a r g e t  m a t e r i a l .
T h e  r e s e a r c h  d e s c r i b e d  i n  t h i s  t h e s i s  i s  e s s e n t i a l l y  
e x p e r i m e n t a l  i n  n a t u r e ,  a n d  r e p r e s e n t s  t h e  r e s u l t s  o f  s o m e  
q u a r t e r - m i l l i o n  m e a s u r e m e n t s .  T h e  n a t u r e  o f  t h e  p r o b l e m  h a s  
e n c o m p a s s e d  t h e  d i s c i p l i n e s  o f  e l e c t r o n i c s ,  c o m p u t i n g ,  o p t i c s ,  
m e c h a n i c a l  d e s i g n ,  a n d  s t a t i s t i c a l  m a t h e m a t i c s ,  a n d  i n  a  t h e s i s  
o f  t h i s  l e n g t h  t h e  m a j o r i t y  o f  p r o b l e m s  c a n  o n l y  b e  b r i e f l y  
d i s c u s s e d .  W h e r e v e r  p o s s i b l e  t h e o r e t i c a l  v e r i f i c a t i o n s  o f  t h e  
r e s u l t s  a r e  p r e s e n t e d ;  h o w e v e r ,  d u e  t o  t h e  c o m p l e x i t y  o f  t h e  
s i t u a t i o n , i n  s o m e  c i r c u m s t a n c e s  t h e  r e s u l t s  s h o w n  a r e  o f  a  
p u r e l y  e x p e r i m e n t a l  n a t u r e ,  a n d  s o m e  i n  f a c t  a p p e a r  t o  c o n t r a d i c t  w h a t  
t h e o r e t i c a l  p r e d i c t i o n s  a r e  a v a i l a b l e .  T h e  r e s u l t s  p r e s e n t e d  p r o v i d e  
s u f f i c i e n t  i n f o r m a t i o n  f o r  a  c o m p l e t e  a n a l y s i s  o f  a  p a r t i c u l a r  
s y s t e m  r e s p o n s e , a n d  a  b r i e f  d e s c r i p t i o n  o f  a  t y p i c a l  d e s i g n  i s  
g i v e n .
1 . 2 . SUMMARY
A  s u r v e y  o f  c u r r e n t  k n o w l e d g e  o n  t h e  s u b j e c t  o f  
d o p p l e r  r a d a r  s y s t e m s ,  u s i n g  d i f f u s e  t a r g e t s ,  i s  p r e s e n t e d  i n  
C h a p t e r  2 .
2 . 1 .  h i g h l i g h t s  t h e  p r o b l e m  o f  a  s p e c i f i c  d o p p l e r .  
r a d a r  s y s t e m .  T h e  s c a t t e r  o f  c o h e r e n t  r a d i a t i o n  f r o m  r o u g h  
s u r f a c e s  i s  d e s c r i b e d  i n  s e c t i o n s  2 . 2 .  a n d  2 . 3 ,  w h i l e  t h e  
d e t e c t i o n  m e t h o d s  a n d  s i g n a l  t o  n o i s e  r a t i o  a r e  s u m m a r i s e d  i n  
s e c t i o n  2 . 4 .
T h e  t h e o r e t i c a l  a s p e c t s  o f  t h e  m e a s u r e m e n t s  p r e s e n t e d  
i n  t h i s  t h e s i s  a r e  d e s c r i b e d  i n  C h a p t e r  3 ,  s t a r t i n g  w i t h  i n c o h e r e n t  
d e t e c t i o n  ( 3 . 2 ) .  H e r e  t h e  f i r s t  i m p o r t a n t  s y s t e m  p a r a m e t e r  3 i s  
d e f i n e d  a n d  a n  e x p r e s s i o n  f o r  i t s  v a l u e  i s  d e r i v e d .  I n  3 . 3 .  t h e  
s e c o n d  p a r a m e t e r  y  i s  d e f i n e d  a n d  m e t h o d s  f o r  m e a s u r i n g  i t  a r e  
d e s c r i b e d .  A l s o  i n c l u d e d  a r e  d e t a i l ' s  o f  a  s i m u l a t i o n  p r o g r a m  u s e d  
t o  c a l c u l a t e  e x p e c t e d  v a l u e s  o f  y  . T h e  p r o b l e m s  o f  m e a s u r i n g  
3 a n d  y  w i t h  r e s p e c t  t o  s l o w l y  m o v i n g  t a r g e t s < * h £  o u t l i n e d  i n  3 , 4 .  
T h e  t w o  f i n a l  s e c t i o n s  d e s c r i b e  a  t y p i c a l  r a d a r  p r o b l e m  a n d  t h e  
l i m i t a t i o n s  i m p o s e d  b y  S / ^  r a t i o  a n d  d o p p l e r  b r o a d e n i n g ,  a n d  t h e  
e f f e c t s  o f  d e p o l a r i z a t i o n  a n d  c o h e r e n c e  l o s s e s .
I n  s e c t i o n s  4 . 2 ,  4 . 3 ,  4 . 4 ,  t h e  e x p e r i m e n t a l  d e s i g n  
o f  t h e  i n t e r f e r o m e t e r ,  t a r g e t  h o l d e r ,  a n d  e l e c t r o n i c  c i r c u i t r y  i s  
d i s c u s s e d .  A  b r i e f  d e s c r i p t i o n  o f  t h e  c a l i b r a t i o n  p r o c e d u r e s  
a n d  m e a s u r e m e n t s  /£> p r e s e n t e d  i n  4 . 5 ,  f o l l o w e d  b y  t h e  d e t a i l s  o f  
s a m p l e  p r e p a r a t i o n  a n d  s u r f a c e  r o u g h n e s s  m e a s u r e m e n t s  i n  4 . 6 .
T h i s  c h a p t e r  i s  c o n c l u d e d  b y  a  s u m m a r y  o f  t h e  c o m p u t a . f c . i o / \ « J '  
a l g o r i t h m s  u s e d  d u r i n g  t h e  a n a l y s i s  s t a g e  o f  t h e  s t u d y .
T h e  r e s u l t s  o f  t h e  d e t a i l e d  m e a s u r e m e n t s  a r e  
p r e s e n t e d  i n  C h a p t e r  5 ,  b e g i n n i n g  w i t h  t h o s e  f o r  i n c o h e r e n t  
d e t e c t i o n  a n d  t h e  m e a s u r e m e n t  o f  1 /  3 . T h e  r e s u l t s  o f  1 / y  3 
a r e  p r e s e n t e d  i n  5 . 3 ,  t o g e t h e r  w i t h  t h e  s p e c t r u m  r e s u l t s  f o r  
a r o t a t i n g  a n d  a  s i d e w a y s  t r a n s l a t i n g  s u r f a c e .  S i n c e  e i g h t  
s u r f a c e s ,  i n c l u d i n g  s c o t c h ! i t e ,  w e r e  s t u d i e d ,  a  c l e a r  k n o w l e d g e  
o f  t h e  p e r f o r m a n c e  o f  s c o t c h ! i t e  w i t h  r e s p e c t  t o  o t h e r  t a r g e t  
m a t e r i a l s  h a s  b e e n  o b t a i n e d .  T h e  C h a p t e r  i s  c o n c l u d e d  w i t h  
a  d i s c u s s i o n  o f  t h e  i m p o r t a n t  r e s u l t s  a n d  a  g e n e r a l  s y s t e m  
d e s i g n  o p t i m i s a t i o n  t e c h n i q u e  i s  p r e s e n t e d .  T h i s  i s  f o l l o w e d  
b y  t h e  A p p e n d i c e s .
L 3 .  C O N C L U S I O N S
T h e  r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s  p r o v i d e  
s u f f i c i e n t  e x p e r i m e n t a l  d a t a  f o r ' a  s c i e n t i f i c  d e s i g n  o f  a  l a s e r
d o p p l e r  s y s t e m  t o  b e  p o s s i b l e .  T h e  p a r a m e t e r s  o f  i n t e r e s t  h a v e
b e e n  d e f i n e d  i n  a  u s e f u l  a n d  m e a n i n g f u l  w a y ,  a n d  v e r i f i e d
e x p e r i m e n t a l l y ,  s o  t h a t  a  s y s t e m a t i c  o p t i m i s a t i o n  c a n  b e  p e r f o r m e d
T h e  p e r f o r m a n c e  o f  t h e  s y s t e m  u l t i m a t e l y  d e p e n d s  o n  
t h e  p r o p e r t y  o f  t h e  s c a t t e r i n g  s u r f a c e  o f  t h e  t a r g e t ,  a n d  i t  h a s  
b e e n  f o u n d  t h a t  i t  i s  p o s s i b l e  s o  t o  m o d i f y  t h e  s u r f a c e  t h a t  o n e  
c a n  s u b s t a n t i a l l y  i m p r o v e  t h e  s i g n a l  t o  n o i s e  r a t i o .
O n e  e x t r e m e l y  i n t e r e s t i n g  a n d  p o s s i b l y  s u r p r i s i n g  
r e s u l t  i s  t h a t ,  f o r  b a c k s c a t t e r  n o r m a l  i n c i d e n c e ,  s c o t c h ! i t e  
d o e s  n o t  i m p r o v e  t h e  s i g n a l  t o  n o i s e  r a t i o  c o m p a r e d  t o  t y p i c a l  
m e t a l l i c  s u r f a c e s ,  a l t h o u g h  a t  o t h e r  a n g l e s  o f  b a c k s c a t t e r  t h e  
i m p r o v e m e n t ,  i s  m a r k e d .
W h e n  t h e  s i g n a l  t o  n o i s e  r a t i o  a t  t h e  d e t e c t o r  
o u t p u t  i s  m o r e  t h a n  1 0  d b ,  t h e  d o m i n a n t  f a c t o r  i n  l i m i t i n g  
s y s t e m  a c c u r a c y  i s  t h e  D o p p l e r  b r o a d e n i n g  i n t r o d u c e d  b y  
u n d e s i r a b l e  v e l o c i t y  c o m p o n e n t s  a t  t h e  t a r g e t , .  B o t h  t r a n s l a t i o n a l  
a n d  r o t a t i o n a l  v e l o c i t y  b r o a d e n i n g  d e p e n d  o n  t h e  s y s t e m  o p t i c a l  
c o n f i g u r a t i o n  a n d  a n  o p t i m u m  c a n  b e  f o u n d .  R e s u l t s  a l s o  
s h o w  t h a t  t r a n s v e r s e  v e l o c i t y  b r o a d e n i n g  i s  i n d e p e n d e n t  o f  
t h e  t r a n s m i t t e r  f o c u s i n g .  A  m o r e  d e t a i l e d  s t u d y  o f  t h i s  i s  n e e d e d .
T h e  s t a n d a r d  a l i g n m e n t  e q u a t i o n s ,  w h i c h  a p p l y  t o  t w o  
u n i f o r m  f i e l d s ,  w e r e  f o u n d  t o  b e  i n c o r r e c t  f o r  a  u n i f o r m  f i e l d  
a n d  a s p e c k l e  f i e l d ,  a n d  i t  h a s  b e e n  s h o w n  t h a t  a l i g n m e n t  
c o n d i t i o n s  c o u l d  b e  r e l a x e d  f o r  c e r t a i n  o p t i c a l  c o n f i g u r a t i o n s .
S o m e  e x p e r i m e n t a l  m e a s u r e m e n t s  o f  s u r f a c e  r o u g h n e s s  
o f  t h e  t a r g e t s  w e r e  m a d e  i n  a n  a t t e m p t  t o  p r e d i c t ,  t h e o r e t i c a l l y ,  
t h e  s c a t t e r  f r o m  t h e m .  T h e  r e s u l t s ,  h o w e v e r ,  w e r e  d i s a p p o i n t i n g ,  
a n d  i t  i s  s u g g e s t e d  t h a t  t h e  m o s t  c o n v e n i e n t -  m e t h o d  i s  t o  
m e a s u r e  t h e  s c a t t e r  u s i n g  a  l a s e r  a n d  a n  i n c o h e r e n t  d e t e c t i o n  
m e t h o d ,  a n d  u s e  t h i s  r e s u l t  t o  p r e d i c t  t h e  s i g n a l  f o r  a  c o h e r e n t  
s y s t e m .
F r o m  a n  i n v e s t i g a t i o n  o f  t h e  g e n e r a l  d e s i g n  e q u a t i o n s  
p r e s e n t e d  i n  t h i s  t h e s i s ,  i t  a p p e a r s  t h a t  a  s y s t e m  w i t h  t h e  
t r a n s m i t t e r  a n d  r e c e i v e r  a p e r t u r e s  e q u a l  i s  o p t i m u m  f o r  m o s t  
s i t u a t i o n s ,  b u t  t h e  a c t u a l  s i z e  o f  t h e  a p e r t u r e  d e p e n d s  o n  t h e  
m a n y  o t h e r  s y s t e m  p a r a m e t e r s .
2 . 0 . REVIEW
2 J „  L A S E R  D O P P L E R  I N T E R F E R O M E T E R
F i g o  l a  s h o w s  a t y p i c a l  l a s e r  f l o p p i e r  r a d a r  s y s t e m  ( f r o m  ( l ) ) o  
I t  c o n s i s t s  o f  a  b e a m  s p l i t t e r  c r e a t i n g  t w o  b e a m s  f r o m  t h e  s i n g l e  l a s e r  
b e a m .  O n e ,  a  r e f e r e n c e  b e a m ,  ( t h e  " l o c a l  o s c i l l a t o r " )  i s  r e f l e c t e d  a t  
a  s t a t i o n a r y  m i r r o r  t o  t h e  p h o t o  d e t e c t o r  D ,  a n d  t h e  o t h e r ,  t h e  s i g n a l  
b e a m ,  i s  t r a n s m i t t e d  t o  t h e  t a r g e t .
2.1 .1 .
U p o n  r e a c h i n g  t h e  m o v i n g  t a r g e t  t h e  r a d i a t i o n  s u f f e r s  a D o p p l e r  
s h i f t .  I f  t h e  t a r g e t  m o v e s  w i t h  a  v e l o c i t y  v e c t o r  v 9 t h e  s c a t t e r e d  
l i g h t  s u f f e r s  a  s h i f t  i n  f r e q u e n c y  f i g .  g i v e n  b y  ( 2 )
f g  «  v  ,  ( k .  -  k g )  /  2  TT 2 . 1  J ,
w h e r e  k -  a n d  k r. a r e  t h e  p r o p a g a t i o n  v e c t o r s  o f  t h e  i n c i d e n t  a n d  s c a t t e r e d  
b e a m s  r e s p e c t i v e l y ,  a n d
m -  t
2 , 1  o 2  o j ) o p p l e j  B r o a d e n i n g
I n  r a d a r  s y s t e m s ,  a b s o l u t e l y  p a r a l l e l  b e a m s  a r e  n o n - e x i s t e n t  
s o  t h e r e  i s  a l w a y s  a  f i n i t e  a n g u l a r  s p r e a d  o f  t h e  b e a m .  T h i s  s p r e a d i n g  
o f  t h e  k  v e c t o r s  g e n e r a t e s  a  s p e c t r u m  P ( f )  c e n t r e d  o n  f g  c o m p o s e d  o f  
t h e  s u m  o f  a l l  t h e  D o p p l e r  p r o d u c t s  p r e s e n t  i n  t h e  i n c i d e n t  a n d  s c a t t e r e d  
b e a m s .  T h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n  o f  f g  a n d  h e n c e  y  i s  r e d u c e d  
b y  t h i s  b r o a d e n i n g .  A  g e n e r a l  D o p p l e r  a n a l y s i s  i s  n o t  h e l p f u l  a t  t h i s
s t a g e ,  b u t  o n e  i s  p r e s e n t e d  l a t e r .
. a s e r
r e f e r e n c e  m i r r o r  
JUULfl
B e a m  s p l i t t e r
P
ffl
R = rnP 
L O
T a r q e t
ffl
V V
PT a P (1-111)'
P S = P T / C
P h o t o  D e t e c t o r
a )  B a s i c  L a s e r  I n t e r f e r o m e t e r  u s i n g  a P o l a r i s i n g  B e a m  S p l i t t e r
b )  S c a t t e r i n g  G e o m e t r y ,
F I G . .  I .  I N T E R F E R O M E T E R  AND S C A T T E R I N G  G E O M E T R Y .
T h e  D o p p l e r  s h i f t e d  a n d  b r o a d e n e d  l i g h t  f r o m  t h e  t a r g e t  i s  
s c a t t e r e d  b a c k  t o  t h e  r e c e i v i n g  l e n s  L s t h e n c e  p a s s i n g  t h r o u g h  t h e  
o p t i c s ' t o  t h e  p h o t o  d e t e c t o r .  I f  t h e  t w o  b e a m s  a r e  c o r r e c t l y  a l i g n e d
9
( 2 . 1 . 7 ) ,  t h e  t o t a l  l i g h t  i n t e n s i t y  I p  ' i s  p r o p o r t i o n a l  t o  (E - j  +  E g )  ,  
w h e r e  E-| a n d  E g  a r e  t h e  l o c a l  o s c i l l a t o r  a n d  s i g n a l  b e a m  a m p l i t u d e  
f u n c t i o n s  r e s p e c t i v e l y .  I f  E-j a n d  E p  a r e  h a r m o n i c ,  o f  t h e  s a m e  
f r e q u e n c y s a n d  h a v e  a  r e l a t i v e  p h a s e  d i f f e r e n c e  <j> ( t )  (<j» ( t )  i s  a
f u n c t i o n  o f  t i m e  a n d  a c c o u n t s  f o r  a n y  p h a s e  o r  f r e q u e n c y  m o d u l a t i o n  
p r e s e n t ' i n  e i t h e r  b e a m ) ,  t h e n  w r i t i n g
2o1o3o Coherent Signai Analy s is
E 1 =  E | 0  e j  u t  a n d  E g  =  Es  e j 0) t  +  Cf) (  t )
a n d  e x p a n d i n g ,  g i v e :
'i
' D 2n
p 2 O  2o)t 2 j [2 cot + f(0]
l L 0  s
j . p  p  p 3  | 2  w  b +  f  ( k )  1
■ h n  A  L  L .  J
2.1.2
w h e r e  n i s  t h e  i m p e d a n c e  o f  f r e e  s p a c e .
I f  t h e  r e s p o n s e  t i m e ,  t , o f  t h e  d e t e c t o r  i s
2 i r  9 /  d  <f> ( t )■ < t < c -it / — frr —  -a) c! c
t h e n ,  i g n o r i n g  a l l  h i g h  f r e q u e n c y  c o m p o n e n t s ,
? ?
E [ n  f£ E E,  n  . 
t -  U ) , s . s  LO _ j  cf> ( t ) „  ,  ,,
D I  ri 2 n  n  ° °
I n  t e r m s  o f  o p t i c a l  p o w e r ,  a n d  a s s u m i n g  '100% m i x i n g  e f f i c i e n c y ,  
e q n .  2 . 1 . 3 .  b e c o m e s
P D = P L 0 +  P s +  2  — (L L l  co s  L < j ) ( t )  J  2 . 1 . 4
f o r  a  r e c e i v e r  o f  a r e a  A R s u c h  t h a t  P p  *  I p  A R .  T h i s  e q n .  i s  
t h e  b a s i c  c o h e r e n t  m i x i n g  e q u a t i o n  u s e d  b y  m a n y  a u t h o r s .
I n  a n a l y s i n g  h i s  s y s t e m ,  K u l c z y k  ^  i n t r o d u c e s  a  “ c o h e r e n t
r e f l e c t i v i t y  l o s s  f a c t o r "  c  * w h i c h  i s  u s e d  t o  e q u a t e  P s t o  t h e  
p o w e r  P y  i n c i d e n t  o n  t h e  t a r g e t *  H e n c e ,  b y  d e f i n i t i o n ,
P s = PT  /  Co
T h e n ,  i f  t h e  b e a m - s p l i t t i n g  r a t i o  i s  m t o  ( 1  -  m )  ( S e e  F i g 0 l a ) ,
P $ =  P ( 1  -  m )  /  5 a n d  P L0 =  P . m  w h e r e  P i s  t h e  t o t a l  o p t i c a l  
p o w e r  e m i t t e d  b y  t h e  l a s e r *  B y  s u b s t i t u t i n g  t h e s e  q u a n t i t i e s  i n  
e q t n . 2 * l * 4 ,  K u l c z y k  s h o w s  t h a t  t h e r e  a r e  o p t i m u m  c o n d i t i o n s  f o r  
t h e  s i g n a l  t o  n o i s e  r a t i o  ( S / N )  a n d  b e a m - s p l i t t i n g  r a t i o  o f  a  d o p p l e r  
s y s t e m ,  i n  t e r m s  o f  t, ,  He  c o n s i d e r s  t h r e e  c a s e s *
2 * 1 * 4 *  P h o t o  M u l t i p l i e r  a s  D e t e c t o r  
F r o m  ( 1 )
KfljP
( S / N ) ma x  K 2 * 1 * 5
w h e r e  K i s  t h e  p h o t o - m u l t i p l i e r  c o n s t a n t  a n d  B t h e  e l e c t r o n i c  
b a n d w i d t h *  T h e  v a l u e  o f  m f o r  s u c h  a n  o p t i m u m  i s
V  -  7 7  2-1-6
2 . 1 . 5 .  P i n  P h o t o d i o d e  a s  D e t e c t o r
A m p l i f i e r  n o i s e  p r e d o m i n a t e s  i n  -, p i n  d i o d e  d e t e c t o r  s y s t e m  
i s  
K P
a n d  i n  t h i s  c a s e  m Qp t  i n d e p e n d e n t  o f  c a n d  i f  c  i s  l a r g e
S / N  - J L p  
n
w h e r e  Fn  i s  t h e  n o i s e  o f  t h e  a m p l i f i e r .
2 . 1 . 6 .  A v a l a n c h e  P h o t o d i o d e  a s  D e t e c t o r
I n  t h i s  c a s e  m . d o e s  d e p e n d  o n  t, b u t  o n l y  m a r g i n a l l y ,  
o p e
a n d  f o r  v a l u e s  o f  r, > 1 0 ^  i s  v e r y  n e a r l y  c o n s t a n t .  S / N  i s
a g a i n  p r o p o r t i o n a l  t o  1 / c .
I n  a l l  t h r e e  c a s e s  S / N  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  c 
t h e r e f o r e  t o  o b t a i n  a l o w  c  i s  t h e  u l t i m a t e  a i m  o f  a n y  o p t i m i s a t i o n
10.
o f  o p t i c a l  s y s t e m  p e r f o r m a n c e  p r o v i d e d  i t  i s  n o t  d o n e  a t  t h e  
e x p e n s e  o f  m i x i n g  e f f i c i e n c y .
2 . 1 . 7 .  B e a m  A l 1 g n r n e n t
I n  t h e  a b o v e  c a l c u l a t i o n s  i t  w a s  a s s u m e d  t h a t  t h e r e  i s
w a v e s  a r e  b o t h  p l a n e  a n d  p a r a l l e l .  I n  ( 7 )  and.  ( 8 ) i t  i s  s h o w n  
t h a t  f o r  t w o  s l i g h t l y  m i s a l i g n e d ,  p l a n e  w a v e s ,  a t  a  c i r c u l a r  
a p e r t u r e ,  t h e  m i x i n g  r a t i o  i s  g i v e n  b y
w h e r e  0 i s  t h e  a n g u l a r  m i s a l i g n m e n t ,  r  t h e  r a d i u s  o f  t h e  
a p e r t u r e s ,  a n d  \ t h e  w a v e l e n g t h  o f  t h e  r a d i a t i o n .
t w o  p l a n e  p a r a l l e l  w a v e s ,  a n d  t o  d a t e  t h e r e  a r e  n o  p u b l i c a t i o n s  
p r o v i d i n g  a n y  i n d i c a t i o n  o f  t h e  r e s u l t s  t o  b e  e x p e c t e d  w h e n  
m i s a l i g n m e n t  e x i s t s  w h i l e  m i x i n g  s c a t t e r e d  l i g h t  w i t h  a  u n i f o r m  
w a v e .
A  t r i v i a l  a l i g n m e n t  r e q u i r e m e n t  i s  t h a t  t h e  b e a m s  o v e r l a p ,  
o r  t h a t  t h e y  a r e  p a r a l l e l  a n d  c a n  o v e r l a p  w h e n  b r o u g h t  t o  t h e
s a m e  f o c u s .  A f u l l e r  t r e a t m e n t  o f  t h e  s u b j e c t  c a n  b e  f o u n d  i n
/ q\ (49)
W a r d e n  K '■ a n d  S i  e g m a n  v ' .
p e r f e c t  m i x i n g  b e t w e e n  a n d  E p .  T h i s  i s  o n l y  t r u e  i f  t h e
P
2 . 1 . 7 .P,m a x
w h e r e  J  a n d  0 o a r e  B e s s e l  f u n c t i o n s  o f  t h e  f i r s t  k i n d  a n d  
o  2
2.1.8.
I t  m u s t  b e  s t r e s s e d  t h a t  t h e s e  e q u a t i o n s  a p p l y  o n l y  t o
2 . 2 .  S C A T T E R I N G  F ROM A  ROUGH S U RFACE I .
MEAN S C A T T E R E D  POWER
2 . 2 . 1 . I n t r o d u c t i o n
T h e  s t u d y  o f  t h e  s c a t t e r i n g  o f  E . M .  w a v e s  f r o m  a  r a n d o m  
r o u g h  s u r f a c e  h a s  b e e n  e x t e n s i v e  a n d  a c t i v e  s i n c e  t h e  a p p e a r a n c e  
o f  r a d a r  ( 1 0 ) .  M o r e  r e c e n t l y ,  t h e  a c t i v i t y  i n c r e a s e d  w h e n  t h e  
a r r i v a l  o f  t h e  l a s e r  p r o v i d e d  a  s u i t a b l e  s o u r c e ’ o f  c o h e r e n t  
r a d i a t i o n  f o r  m o d e l l i n g  e x p e r i m e n t s  i n  t h e  l a b o r a t o r y  (11  -  1 4 ) .
T h e s e  e x p e r i m e n t s  w e r e  c o n c e r n e d  w i t h  t h e  m e a n  v a l u e  o f  t h e  s c a t t e r e d  
f i e l d ,  a n d  v a r i o u s  a n a l y t i c a l  m e t h o d s  o f  c o r r o b o r a t i n g  t h e  e x p e r i m e n t a l  
r e s u l t s  w e r e  p r o p o s e d .  ■
(Q)
B e c k m a n n  a n d  S p i z z i c h i n o  '  h a v e  t r i e d  t o  p r o v i d e  a  c o n c i s e  
t r e a t m e n t  o f  t h e  t h e o r y  t o  e x p l a i n  t h e  e x p e r i m e n t a l  r e s u l t s  o n  r a d a r  
s c a t t e r i n g  f r o m  t h e  e a r t h  a n d  m o o n .  A r g u m e n t s  s t i l l  r e i g n  a s  r e c e n t  
p a p e r s  b y  B a r r i c k  B a r r i c k  a n d  P e a k e  s h o w .  S o m e  o f  t h e
i n t e r e s t i n g  d e t a i l s  o f  t h e  p r e v i o u s  s t u d i e s  a r e  s u m m a r i s e d  b e l o w .
1 1 .
2 . 2 . 2 .  A R a n d o m R o u g h S u r f a c e  M o d e 1
A  v e r y  c o m p l e t e  t r e a t m e n t  o f  t h e  s c a t t e r i n g  o f  r a d i a t i o n  f r o m
(9)
s u r f a c e s  i s  p r o v i d e d  b y  B e c k m a n n  v
T h e  d e r i v a t i o n  o f  a n  e x p r e s s i o n  f o r  t h e  s o l u t i o n  o f  t h e  
s c a t t e r e d  p o w e r  a s  a  f u n c t i o n  o f  a n g l e  o f  i n c i d e n c e ,  e-j a n d  a n g l e s  
o f  s c a t t e r ,  6^  a n d  ( F i g .  1 6 ) ,  i s  b a s e d  o n  t h e  c a l c u l a t i o n  o f  
t h e  H e l m h o l t z  i n t e g r a l  f o r  t h e  b o u n d a r y  c o n d i t i o n s  i m p o s e d  b y  t h e  
s u r f a c e .
T h e  r e s u l t  h a s  c e r t a i n  l i m i t a t i o n s .  T h e s e  a r e
12.
a )  Mo s h a d o w i n g  o r  m u l t i p l e  s c a t t e r i n g  i s  a c c o u n t e d  f o r .
b )  T h e r e  s h o u l d  b e  n o  s m a l l  r a d i i  o n  t h e  s u r f a c e .
2
c )  A r e a  o f  s p o t  o n  t h e  s u r f a c e  A  »  A
d )  T h e  s u r f a c e  i s  a  c o n d u c t i n g  o n e .
I n  g e n e r a l s t h e  l i m i t a t i o n  i n  ( b )  a b o v e  m e a n s  t h a t  f o r  o p t i c a l  
i l l u m i n a t i o n  t h e  s o l u t i o n  o n l y  a p p l i e s  t o  s u r f a c e s  w i t h  a  r o u g h n e s s  
p e r i o d  o f  m a n y  m i c r o n s .  A s  m o s t  s u r f a c e s  a r e  o f  a  s p i l c y  n a t u r e ,  
o n e  c a n n o t  e x p e c t  t h e  s o l u t i o n  t o  b e  v e r y  a c c u r a t e .
B e c k m a n n  c o n s i d e r s  t h e  c a s e  o f  a  r a n d o m  r o u g h  s u r f a c e  w i t h  a 
r o u g h n e s s  f u n c t i o n
Z  ~  f ( x ,  y )  w i t h  a n o r m a l  d i s t r i b u t i o n  o f  h e i g h t ,
1 • z2W ( z )  -  _ L _ e x p ( .  z  )  2 . 2 . l
a /2'ir 2a
a n d  z e r o  m e a n .  A l s o  a  c o r r e l a t i o n  f u n c t i o n  a l o n g  t h e  s u r f a c e
/ 2 \
c  ( t )  *  e x p  ( ~  - p j - )  2 . 2.2
w h e r e  T  i s  t h e  c o r r e l a t i o n  l e n g t h  a n d  a t h e  r  m s r o u g h n e s s .
H e  s h o w s  t h a t  t h e  e n s e m b l e  a v e r a g e d  s c a t t e r i n g  c o e f f i c i e n t  <  p p 
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C l e a r l y ,  t h e  p a r a m e t e r  T /  a  p l a y s  a n  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  
t h e  s c a t t e r i n g  c o e f f i c i e n t  o f  t h e  p a r t i c u l a r  s u r f a c e ,  E q n .  2 . 2 . 3 . o n l y  
a p p l i e s  t o  a  v e r y  r o u g h  s u r f a c e  s a t i s f y i n g  t h e  c o n d i t i o n s  s e t  o u t  
e a r l i e r .
2 . 2 . 3 .  A _ M o r e  R e a l i s t i c  M o d e l  o f  S c a t t e r
T h e  r e s u l t  p r o p o s e d  b y  B e c k m a n n  ( a n d  m a n y  o t h e r  a u t h o r s ,  a l b e i t  
i n  a  d i f f e r e n t  f o r m ) ,  i s  i n e f f e c t i v e  i n  p r o v i d i n g  t h e  c o r r e c t  r e s u l t s  
a t  l a r g e  a n g l e s  o f  i n c i d e n c e  f o r  b a c k s c a t t e r ,  a l t h o u g h  t h e  d i s c r e p a n c y  
i s  n o t  s o  l a r g e  f o r  s c a t t e r  a t  o t h e r  a n g l e s .  B a r r i c k  & P e a k e  h a v e  
p r o p o s e d  t h a t  t h e  s c a t t e r i n g  c a n  b e  m o r e  c o r r e c t l y  p r e d i c t e d  i f  t w o  
r o u g h n e s s  s c a l e s  a r e  c o n s i d e r e d  t o  b e  p r e s e n t .  O n e  s c a l e  c o n s i s t s  o f  
l o n g  c o r r e l a t i o n  r o u g h n e s s  o f  l a r g e  r * n u s  v a l u e  ( T / a  »  1 0 0 ) .  F o r  
s u c h  a  c a s e ,  t h e  B e c k m a n n  t y p e  s o l u t i o n  i s  v a l i d .  T h e  s e c o n d  r o u g h n e s s  
s c a l e  i s  o n e  o f  s m a l l  a  a n d  s m a l l  T  ( T / 0. «  1 0 ) ,  s o  t h a t  t h e r e  i s  
c o n s i d e r a b l e  s c a t t e r  a t  l a r g e  a n g l e s .  A  s o l u t i o n  c a n  b e  o b t a i n e d  f o r  
t h i s  s i t u a t i o n  b y  u s i n g  t h e  p u r t u r b a t i o n  a p p r o a c h  ( 1 7 ) .
I f  t h e  b a c k s c a t t e r  p a t t e r n s  f o r  t h e  t w o  s o l u t i o n s  a r e  c o m b i n e d  
( s i m p l y  a d d i n g  t h e  t w o  s c a t t e r i n g  c o e f f . ) s t h e  c o m p a r i s o n  w i t h  
e x p e r i m e n t a l  r e s u l t s  i s  r e m a r k a b l y  c l o s e .
2 . 2 . 4 .  C o n c l u s i o n s  o n  S c a t t e r ! n g  M o d e l s
T h e  a n a l y s i s  b r i e f l y  d i s c u s s e d  a b o v e  h a s  b e e n  d e v e l o p e d  t o  
e x p l a i n  s c a t t e r i n g  o f  r a d i o  w a v e s  f r o m  t h e  m o o n  a n d  t h e  s e a .  W h i l e  
t h e  r e s u l t s  a r e  v a l i d  a t  o p t i c a l  f r e q u e n c i e s ,  t h e  s e r i o u s  l i m i t a t i o n s  
i m p o s e d  b y  t h e  K i r c h o f f  t a n g e n t  p l a n e  a p p r o x i m a t i o n  m u s t  b e  b o r n e  i n  
m i n d  ( 2 , 2 . 2 . b ) .  A l s o  t h e  m o r e  r e a l i s t i c  m o d e l  o f  B a r r i c k  & P e a k e  
i s  o f  T i t t l e  p r a c t i c a l  u s e  i n  t h e  o p t i c a l  r e g i o n  s i n c e  i t  i s
v i r t u a l l y  i m p o s s i b l e  t o  m e a s u r e  t h e  s m a l l  s c a l e  r o u g h n e s s .
A l t e r n a t i v e l y ,  i f  t h e  t h e o r y  c a n  b e  a s s u m e d  e s t a b l i s h e d  f r o m  
m e a s u r e m e n t s  a t  r a d a r  w a v e l e n g t h s ,  t h e n  t h i s  p r o v i d e s  a u s e f u l  
m e t h o d  o f  m e a s u r i n g  s m a l l  s c a l e  r o u g h n e s s  a t  o p t i c a l  f r e q u e n c i e s
2 . 3 .  S C A T T E R I N G  FROM A ROUGH S U R F A C E I I  
D I S T R I B U T I O N  OF S C A T T E R E D  POWER
2 . 3 . 1 .  I n t r o d u c t i o n
I t  i s  s h o w n  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  m e a n  p o w e r  
s c a t t e r e d  f r o m  a  s u r f a c e  d e p e n d s  o n  t h e  n a t u r e  o f  t h e  s u r f a c e .  T h e  
s t a t i s t i c s  o f  t h e  s c a t t e r e d  f i e l d  a b o u t  t h e  m e a n  d o  n o t ,  i n  g e n e r a l ,  
d e p e n d  o n  t h e  s u r f a c e  p r o p e r t i e s  b u t  o n  t h e  t r a n s m i t t e r  b e a m  g e o m e t r y  ( 1 9 )  
T h e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  s t a t i s t i c s  i s  p r e s e n t e d  i n  t h e  
f o l l o w i n g  s e c t i o n s  t o g e t h e r  w i t h  a  d e s c r i p t i o n  o f  t h e  p h y s i c a l  n a t u r e  
o f  t h e  s c a t t e r  p a t t e r n  a s  i t  a p p e a r s  v i s u a l l y .
2 . 3 . 2 .  Amp  1 i  t u c l e  _a n d  I n  t e n s  i  t y  S t a  t  i  s t i e s  o f  t h e  
S c a t t e r e d  F i e I d
G o o d m a n  h a s  s h o w n  t h a t  t h e  d i s t r i b u t i o n  o f  t h e  a m p l i t u d e  
o f  t h e  s c a t t e r e d  f i e l d  f r o m  a  c o h e r e n t l y  i l l u m i n a t e d  r o u g h  s u r f a c e  i s  
t h e  R a y l e i g h  f u n c t i o n  o f  t h e  f o r m  :
P <  | e f U  -  i  e x p  ( ) '  2 . 3
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T h e  i n t e n s i t y  d i s t r i b u t i o n  i s  t h e r e f o r e
P { | E f P ] >  e x p  ( - - + - ) »  2 . 3
F 2a *  2a 2
t h e  n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n .  A c o m p l e t e ,  b u t  r a t h e r
i n v o l v e d  a n a l y s i s  c a n  a l s o  b e  f o u n d  i n  B e c k m a n n  ^ . C o m b i n i n g  
t h e  r e s u l t s  o f  2 . 3 . 1 .  a n d  2 . 3 . 2 .  w i t h  t h e  B e c k m a n n  s o l u t i o n ,  
a l l o w s  o n e  t o  p r e d i c t  t h e  f u l l  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  
s c a t t e r e d  l i g h t  ( s u b j e c t  t o  t h e  l i m i t a t i o n s  a l r e a d y  d e s c r i b e d  f o r  
t h e  B e c k m a n n  r e s u l t s ) .
2 . 3 . 3 .  S p e c k l e  p a t t e r n s  a n d  t h e i r  P h y s i c a l  ^ A p p e a r a n c e
T h e  p h y s i c a l  m a n i f e s t a t i o n  o f  t h e  m a t h e m a t i c a l  d e s c r i p t i o n  o f
t h e  s c a t t e r e d  i n t e n s i t y  i s  c a l l e d  a  s p e c k l e  p a t t e r n .  I t  c o n s i s t s  o f
m a n y  n e e d l e - l i k e  l o b e s ,  o f  r a n d o m  p e a k  i n t e n s i t y ,  s p r e a d  o v e r  t h e
f u l l  f i e l d  o f  s c a t t e r  o f  t h e  t a r g e t .  G o l d f i s h e r   ^ ^  h a s  s h o w n  
t h a t  t h e  l o b e  s i z e  o r  c o r r e l a t i o n  d i s t a n c e  D f o r  a  s p e c k l e  f i e l d  
a t  r a n g e  R.  i s
D « 2S d y
w h e r e  d y  i s  t h e  s p o t  s i z e  a t  t h e  t a r g e t .  T y p i c a l l y ,  u s i n g  a n
H N l a s e r ,  t h e  s p e c k l e  d i a m e t e r  a t  100 c m  f o r  a  s p o t  o f  100 i n ne e
i s  12.6  mm.
2 . 3 . 3 . 1 .  R o t a t i  o n  o f  t h e  T a r g e t .
C o n s i d e r  a n  i l l u m i n a t e d  a r e a  o n  a  r o t a t i n g  t a r g e t  ( F i g .  2 a ) .  
A f t e r  a  t i m e  A t  t h e  n e w  p o s i t i o n  o f  s o u r c e s  A s B ,  C ,  D s i s
A * ,  B 3’ » C1 s D a . F o r  s m a l l  a n g l e s  o f  r o t a t i o n  t h e  w e l l  d e f i n e d  p h a s e
c h a n g e  w i l l  p r o d u c e  a  r o t a t i o n  o f  t h e  w h o l e  s p e c k l e  p a t t e r n ,  a t  
t w i c e  t h e  r a t e  o f  t h e  t a r g e t  r o t a t i o n .  T h e  p a t t e r n  t e n d s  t o  b r e a k  
u p  a f t e r  r o t a t i n g  m o r e  t h a n  5 °  ~ 10°  ( 2 1 ) .
2 . 3 . 3 . 2 .  T r a n s v e r s e  M o v e m e n t  o f  t h e  T a r g e t .
Consider the target  moving across the beam (Fig.  2b).  The
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p o i n t  s o u r c e s  A ,  B ,  C ,  a n d  D b e c o m e  A 1 , B1 9 C1 a n d  D * . T h e  
p h a s e  r e l a t i o n s h i p  b e t w e e n  A  a n d  A 1 , B a n d  B 1 , e t c .  i s  d e f i n e d  b y  
t h e  s u r f a c e  p r o f i l e .  As  t h i s  i s  a  r a n d o m  v a r i a b l e ,  t h e  p h a s e s  o f  
t h e  s e c o n d a r y  r a d i a t o r s  w i l l  b e  r a n d o m l y  m o d u l a t e d  b y  t h e  m o v e m e n t  
o f  t h e  s u r f a c e .  T h i s  m o d u l a t i o n  o f  t h e  p o i n t  s c a t t e r e r s  r e s u l t s  i n  
a n  i n t e n s i t y  m o d u l a t i o n ,  o r  t w i n k l i n g  o f  t h e  f a r  f i e l d  p a t t e r n .
I f  t h e  m o t i o n  i s  f a s t  a n d  t h e  d e t e c t o r  o b s e r v i n g  t h e  s p e c k l e  
p a t t e r n  r e s p o n d s  s l o w l y ,  t h e n  s p e c k l e s  w i l l  n o t  b e  o b s e r v e d ,  s i n c e  
t h e  d e t e c t o r  w i l l  a v e r a g e  o u t  t h e  f l u c t u a t i o n s  ( 22 -  2 5 ) .
2 . 3 . 3 . 3 .  ‘ I m a g i n g  S p e c k l e  P a t t e r n s
I f  t h e  s c a t t e r e d  l i g h t  f r o m  a c o h e r e n t l y  i l l u m i n a t e d  o b j e c t  i s  
i m a g e d  o n t o  a  s c r e e n ,  t h e  s i z e  o f  t h e '  s p e c k l e s  \ s  s e t  b y  t h e  f  -  n u m b e r  
o f  t h e  o p t i c a l  s y s t e m  ( 2 0 , 2 2 , 2 3 , 6 1 , 5 2 ) T h i s  s i t u a t i o n  d o e s  n o t  u s u a l l y  
a r i s e  i n  l a s e r  D o p p l e r  s y s t e m s ,  b u t  i s  m e n t i o n e d  f o r  c o m p l e t e n e s s .
S u m m a r y
T h e  s c a t t e r e d  f i e l d  h a s  b e e n  s h o w n  t o  h a v e  a  v e r y  i r r e g u l a r  
s t r u c t u r e ,  d i s t r i b u t e d  a b o u t  t h e  m e a n  v a l u e  p r e d i c t e d  b y  e q n .  2 . 2 . 3 .
T h i s  s t r u c t u r e  c h a n g e s  a s  t h e  t a r g e t  r o t a t e s ,  o r  w h e n  t h e  t a r g e t  m o v e s  
a c r o s s  t h e  b e a m  o f  l i g h t .  E n n o s  e t  a l  }i a v e  s h o w n  t h a t  a  u s e f u l  
i n s t r u m e n t  c a n  b e  c o n s t r u c t e d  t o  d e t e r m i n e  t h e  p o s i t i o n  o f  s t a t i o n a r y  
p a r t s  o f  a  v i b r a t i n g  s u r f a c e ,  u s i n g  t h i s  f a c t .
T o  c o n c l u d e ,  t h e  s c a t t e r e d  f i e l d  i s  f a r  f r o m  u n i f o r m ,  a n d  t h e  
i n t e n s i t y  i s  v e r y  s e n s i t i v e  t o  s u r f a c e  m o v e m e n t .
2 . 4 . 1 .  I n t r o d u c t i o n
B a s i c a l l y ,  t h e r e  a r e  t w o  d e t e c t i o n  m e t h o d s  u s e d  i n  l a s e r  
r a d a r  s y s t e m s  :
a )  E n e r g y  o r  i n c o h e r e n t  d e t e c t i o n .
b )  H e t e r o d y n e  o r  c o h e r e n t  d e t e c t i o n .
B o t h  a r e  s t u d i e d  h e r e ,  a n d  t h e i r  i m p o r t a n t  p a r a m e t e r s  a r e  d i s c u s s e d  
i n  t h e  f o l l o w i n g  s e c t i o n s .  A  c o m p l e t e  d e s c r i p t i o n  o f  a  w i d e  r a n g e  
o f  l a s e r  r e c e i v e r s  c a n  b e  f o u n d  i n  R o s s
2 . 4 . 2 .  I n c o h e r e n t  D e t e c t ! o n
T h e  i n c o h e r e n t  d e t e c t o r  c o n s i s t s  o f  a n  o p t i c a l  r e c e i v e r  c o l l e c t i n g
a n d  f o c u s s i n g  t h e  o p t i c a l  e n e r g y  o n t o  a  s m a l l  p h o t o - d e t e c t o r .  F o r  a
r e c e i v e r  o f  a r e a  A R a t  a  r a n g e  R f r o m  a n  i s o t r o p i c  s c a t t e r e r ,  a n d
s i t u a t e d  n o r m a l l y  t o  t h e  s u r f a c e ,  t h e  a v e r a g e  r e c e i v e d  p o w e r  i s
A
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w h e r e  P-,- i s  t h e  p o w e r  i n c i d e n t  o n  t h e  t a r g e t .  Pj> w i l l  i n  f a c t
f l u c t u a t e ,  s i n c e  t h e  s c a t t e r e d  f i e l d  w i l l  n o t  b e  u n i f o r m .  P r o v i d e d  
A r  >  Ds ^ i e r e  3S e v e r y  l i k e l i h o o d  o f  r e c e i v i n g  a  s i g n a l  a t  a l l  t i m e s .  
H o w e v e r ,  t h e  f l u c t u a t i o n s  i n  t h e  s i g n a l  c a n  b e  c o n s i d e r a b l e  ( 1 8 ) ,  
e x c e p t  f f  A p  > »  D . A  t y p i c a l  e x a m p l e  o f  s u c h  a  r e c e i v i n g  t e c h n i q u e  
i s  i n  r a n g e - f i n d i n g .
2 . 4 . 3 .  C o h e r e n t  D e t e c t !  o n  o f  S c a t t e r e d  L i g h t :
A  d e s c r i p t i o n  o f  t h e  c o h e r e n t  r e c e i v e r  i s  p r e s e n t e d  i n  
s e c t i o n  ( 2 . T ) ,  T h e  a n a l y s i s  p r e s e n t e d  t h e r e  i s  t y p i c a l  o f  t h e  
d e s c r i p t i o n s  g i v e n  i n  p a p e r s  o n  t h e  s u b j e c t  ( 4 , 5 , 6 ,  8 ) .
2.4.  DETECTION OF SCATTERED LASER LIGHT
V a r i o u s  e x p e r i m e n t s  h a v e  b e e n  p e r f o r m e d  t o  i n v e s t i g a t e  t h e  
e f f e c t s  o f  c o h e r e n t l y  d e t e c t i n g  s c a t t e r e d  l i g h t  (2 6 " . 2 8 ) . '
G o u l d  a n t j K r o e g e r  c o n f i r m  t h a t  t h e  a m p l i t u d e  o f  t h e  s c a t t e r e d  
f i e l d  i s  R a y l e i g h  d i s t r i b u t e d  ( 2 . 3 . 2 ) ,  w h i l e  W a r d e n  s u g g e s t s  
t h a t  t h e r e  i s  a  s a t u r a t i o n  v a l u e  f o r  t h e  d e t e c t e d  p o w e r  a s  t h e  
r e c e i v e r  a p e r t u r e  i s  o p e n e d .
T o  d a t e ,  a c o m p l e t e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  c o h e r e n t  
d e t e c t i o n  o f  s c a t t e r e d  l i g h t  h a s  n o t  b e e n  p r e s e n t e d .  E m p i r i c a l  l a w s  
a r e  a p p l i e d  t o  t h e  d e s i g n  o f  e x p e r i m e n t a l  s y s t e m s .  A s u r v e y  o f  t h e  
l i t e r a t u r e  s h o w s  a  n e e d  f o r  a  c o m p r e h e n s i v e  a n d  a c c u r a t e  e x p e r i m e n t a l  
s t u d y  o f  t h e  s u b j e c t ,  a n d  t o  p r e s e n t  c l e a r  a n d  c o n c i s e  c r i t e r i a  f o r  
t h e  d e s i g n  o f  s u c h  s y s t e m s .
C o h e r e n t  r e c e i v e r s  a r e  u s e d  i n  t h e  m e a s u r e m e n t  o f  v e l o c i t y ,  
d i s p l a c e m e n t j  a n d  v i b r a t i o n  a n a l y s i s  w h e r e  t h e  l a s e r  r a d a r  O o p p l o m e t e r  
p r o v i d e s  a  n o n - c o n t a c t  m e t h o d  o f  m e a s u r e m e n t  ( 1 ,  3 ,  3 1 , 3 9  - . 4 - 4 ) .
2 , 4 . 3 . 1 .  D e t e r m i n a t i o n  o f  S i g n a l  a n d  N o i s e  
i n  C o h e r e n t  S y s t e m s .
O n e  o f  t h e  m o s t  i m p o r t a n t  d e s i g n  c r i t e r i a  i s  t h e  s i g n a l  t o  n o i s e
( 2 5 )
r a t i o  o f  t h e  s y s t e m .  K r o e g e r  1 1 m e a s u r e d  s i g n a l  t o  n o i s e  r a t i o s
f o r  t h e  c o h e r e n t  s y s t e m ,  u s i n g  a  s e l e c t i o n  o f  s u r f a c e s 9 b u t  t h e  
r e s u l t s  a r e  o f  l i m i t e d  u s e .
W a r d e n \ s  w o r k  g i v e s  r e l a t i v e  s i g n a l  l e v e l s  a n d  s u g g e s t s  
t h a t  t h e r e  i s  a  m a x i m u m  s i g n a l  o b t a i n a b l e  f o r  a n y  s y s t e m ,  b u t  n o  
a b s o l u t e  f i g u r e s  o f  s c a t t e r e d  p o w e r  o r  S / N  r a t i o  a r e  p r e s e n t e d .
T h e  L a s e r  D o p p l e r  V e l o c i m e t e r  w a s  i n i t i a l l y  d e v e l o p e d  
a s  a n  i n s t r u m e n t  t o  m e a s u r e  t h e  v e l o c i t y  o f  g a s e s  o r  f l u i d s  i n  
e n c l o s e d  s p a c e s .  T h e  f i r s t  i n s t r u m e n t  w a s  d e m o n s t r a t e d  b y  
Y e h  a n d  C u m m i n s i n  1 9 6 4  a n d  s i n c e  t h e n  t h e r e  h a s  b e e n  
c o n s i d e r a b l e  r e s e a r c h  e x p e n d e d  i n  d e v e l o p i n g  t h i s  t e c h n i q u e  
( 4 1  -  4 3 9 5 3  5 5 ) .  R u d d ^ J ^  p r o p o s e d  a  n e w  m o d e l  f o r  t h e
v e l o c i m e t e r  a n d  t h i s  h a s  s i n c e  b e e n  e x p l o i t e d  b y  m a n y  w o r k e r s
( 5 7  68 5 Q 1 (A/i)
i n  d e v e l o p i n g  s i m p l e r  v e l o c i m e t e r s ' *  9 w 5 C r e a t e d v ;  f u r t h e r
m o d i f i e d  t h e  i n s t r u m e n t  t o  m e a s u r e  t h e  v e l o c i t y  o f  m o v i n g  s o l i d
s u r f a c e s .
I n  a l l  c a s e s , e x c e p t  t h e  l a t t e r 3 t h e  s c a t t e r i n g  o c c u r s  f r o m  
s m a l l  p a r t i c l e s  m o v i n g  i n  a  r a n d o m ' m a n n e r  w i t h  a  m e a n  d r i f t  i n  t h e  
d i r e c t i o n  o f  f l o w .  T h e  v e l o c i t y  m e a s u r e d  i s  t h e  c o m p o n e n t  n o r m a l  
t o  t h e  b e a m  d i r e c t i o n ;  h e n c e  t h e  s e n s i t i v i t y  d i m i n i s h e s  s i g n i f i c a h t f y  
a s  t h e  v e l o c i t y  b e c o m e s  m o r e  p a r a l l e l  t o  t h e  b e a m  d i r e c t i o n .
A s  t h i s  r e s e a r c h  i s  c o n c e r n e d  w i t h  s t u d y i n g  t h e  m e a s u r e m e n t  
o f  t h e  v e l o c i t y  o f  s o l i d  t a r g e t s  m o v i n g  i n  t h e  b e a m  d i r e c t i o n ,  t h e  
r e s u l t s  p r e s e n t e d  i n  t h e  m a n y  p u b l i c a t i o n s  o n  l a s e r  v e ' l o c i m e t e r s  a .r e  
o n l y  o f  l i m i t e d  u s e .
T h e  v e r y  i n t e r e s t i n g  p a p e r  b y  C r e a t e d u t i l i s i n g  s u c h  
a n  i n s t r u m e n t  o n  s o l i d  t a r g e t s # i s  f a r  f r o m  c o m p r e h e n s i v e  e n o u g h  
s i n c e  i t  d o e s  n o t  p r o v i d e  a n y  u s e f u l  d a t a  o n  d i f f e r e n t  t a r g e t  s a m p l e s .
2.5.  THE LASER DOPPLER VELQCIMETER
I n v e s t i g a t i o n  i n d i c a t e s  t h a t  t h e r e  i s  a  s e r i o u s  l a c k  
o f  u s e f u l  d a t a  o n  c o h e r e n t  d e t e c t i o n  s y s t e m s .  S o m e  m e t h o d  o f  
d e t e r m i n i n g  t h e  e x p e c t e d  s i g n a l  i n  a  d o p p l e r  s y s t e m  i s  d e s i r a b l e  
s i n c e  t h e  d e t e c t o r  s y s t e m  a n d  p o s t - d e t e c t o r  e l e c t r o n i c s  d e p e n d  
o n  t h e  S / N  r a t i o  o f  t h e  o p t i c a l  s y s t e m .
2 2 .
3 . 0 ,  T H E O R E T I C AL  A S P E C T S QF ME A S U R E M ENTS
3 . 1 .  I N T R O D U C T I O N
T h e  p r e s e n t  s t a t e  o f  k n o w l e d g e  i n  t h e  d e s i g n  o f  l a s e r  d o p p l e r  
r a d a r  h a s  b e e n  s h o w n  ( C h a p t e r  2 )  t o  b e  l a c k i n g  i n  t h e  d a t a  a n d
u n d e r s t a n d i n g  r e q u i r e d  t o  p r e d i c t  t h e  e x p e c t e d  p e r f o r m a n c e  o f  t h e  
o p t i c a l  s y s t e m .  T h e  o r i g i n a l i t y  c l a i m e d  f o r  t h i s  t h e s i s  i s  t h a t  
i t  p r o v i d e s  s u c h  i n f o r m a t i o n .
L a s e r  D o p p l e r  d e v i c e s  a r e  n o w  a p p e a r i n g  o n  t h e  m e a s u r e m e n t  
b e n c h e s  a n d  i t  i s  d e s i r a b l e  t h a t  t h e  o p t i m u m  d e s i g n  a n d  p e r f o r m a n c e  
p r e d i c t i o n s  c a n  b e  s c i e n t i f i c a l l y  d e t e r m i n e d  b e f o r e  c o n s t r u c t i o n  
b e g i n s .  T h e  p r o p o s e d  d e s i g n  p h i l o s o p h y  i s  b a s e d  o n  t h e  f o l l o w i n g  
f o u r  s i m p l e  s t e p s .
A s s u m i n g  a g i v e n  t r a n s m i t t e r  p o w e r  :
1 )  D e t e r m i n e  t h e  t o t a l  o p t i c a l  p o w e r  t h a t  c a n  b e  r e c e i v e d  f r o m  
t h e  t a r g e t .
2 )  M u l t i p l y  t h i s  b y  t h e  d e t e c t o r  a r i d  c o h e r e n c e  l o s s e s  o f  t h e  
s y s t e m  a n d  c a l c u l a t e  t h e  e x p e c t e d  s i g n a l ,
3 )  C a l c u l a t e  t h e  n o i s e  i n d u c e d  b y  t h e  o p t i c a l  s y s t e m .
4 )  C a l c u l a t e  t h e  s i g n a l  t o  n o i s e  r a t i o  a t  t h e  d e t e c t o r  o u t p u t .
T h e  s t u d y  p r e s e n t e d  h e r e  i s  a i m e d  a t  p r o v i d i n g  t h e  i n f o r m a t i o n  
t o  p e r f o r m  t h e  f i r s t  t h r e e  s t e p s ,  s i n c e  t h i s  i s  t h e  a r e a  i n  w h i c h  d a t a  
O w e  l a c k i n g .  T h e  n e c e s s a r y  e q u a t i o n s  a r e  c a l c u l a t e d  u s i n g  t h e  p a r a m e t e r s  
d e f i n e d  i n  t h i s  c h a p t e r .  O p t i c a l  p o w e r ,  r a t h e r  t h a n  f i e l d  s t r e n g t h  
o r  i n t e n s i t y ,  i s  u s e d  a s  i t  h a s  b e e n  f o u n d  t o  b e  m o r e  u s e f u l  i n  t h e  
u n d e r s t a n d i n g  a n d  c a l c u l a t i o n  o f  t h e  s y s t e m  p a r a m e t e r s .  V a r i o u s
C H A P T E R  3
s c a t t e r i n g  g e o m e t r i e s  a r e  d i s c u s s e d  a n d  t h e i r  r e l a t i v e  m e r i t s  
c o n s i d e r e d .
T h e  e f f e c t s  o f  D o p p l e r  b r o a d e n i n g  o n  t h e  m e a s u r e m e n t  o f  t h e s e  
p a r a m e t e r s  i s  d e s c r i b e d .  A  t y p i c a l  r a d a r  p r o b l e m  i s  p r e s e n t e d  t o  
s h o w  h o w  b r o a d e n i n g  a f f e c t s  s y s t e m  p e r f o r m a n c e ,  a n d  a  t h e o r e t i c a l  
s t u d y  o f  t r a n s l a t i o n a l  a n d  r o t a t i o n a l  D o p p l e r  b r o a d e n i n g  i s  p r e s e n t e d .
3 . 2 .  I N C O H E R E N T  RECE P T I O N
3 . 2 . 1 .  M e a n  P o w e r  a n d  S c a t t e r i n g  L o s s  F a c t o r  3
I n  s p i t e  o f  i t s  l i m i t a t i o n s ,  B e c k m a n n ' s  e q u a t i o n  w i l l  b e  u s e d  
t o  p r o v i d e  a n  i n d i c a t i o n  o f  t h e  t y p e  o f  r e s u l t s  t o  b e  e x p e c t e d .  T h e  
e q u a t i o n  c a n  b e  m o d i f i e d  t o  y i e l d  t h e  m e a n  p o w e r  s c a t t e r e d  t o  a 
r e c e i v e r  o f  d i a m e t e r  D ^ .  I n  e q n .  2 . 2 . 3 .  < p p * >  i s  d e f i n e d  a s  t h e  
m e a n  p o w e r  d e n s i t y  f o r  s c a t t e r  f r o m  a  r o u g h  s u r f a c e  d i v i d e d  b y  t h e  
p o w e r  d e n s i t y  w h e n  a c o r r e c t l y  a l i g n e d  s p e c u l a r  r e f l e c t o r  r e p l a c e s  t h e  
r o u g h  s u r f a c e .  T h u s ,
w h e r e  < f f l  >  i s  t h e  m e a n  s c a t t e r e d  f i e l d  i n t e n s i t y  a n d  f f l  i s  t h e  
s p e c u l a r  r e f l e c t e d  i n t e n s i t y .  R e f e r r i n g  t o  F i g . 3 a ,  i n  w h i c h  t h e  m a i n  
g e o m e t r i c  p a r a m e t e r s  a r e  d e f i n e d ,  f r o m  s i m p l e  g e o m e t r i c  c o n s i d e r a t i o n s
a s s u m i n g  P y  i s  u n i f o r m l y  d i s t r i b u t e d  o v e r  t h e  t r a n s m i t t e r  a p e r t u r e  
A y .  A l s o  t h e  r e c e i v e d  o p t i c a l  p o w e r  P i s  g i v e n  b y
9
f o r  Dp( s m a l l .
24.
01 d e g r e e s
F i g .  3 b .  B A C K S C A T T E R  P L O T S  FROM E Q T N .  3 . 2 . 2 ,
25.
f r .  c o m b i n i n g  t h e s e  t h r e e  e q u a t i o n s  g i v e s  a n  e x p r e s s i o n  f o r  P 
i n  t e r m s  o f  P y ,
< *Js  >  ^ T  \  1  I
p t  =  <<>(*> ( i e t f t )  ~  b  3 . 2 ,I  ^ r r
T h i s  e q u a t i o n  i n t r o d u c e s  t h e  " s c a t t e r i n g  l o s s  f a c t o r "  3 a n d  a l s o  
p r o v i d e s  a d e f i n i t i o n  f o r  i t .  T h e  f a c t o r  1 / 3  w i l l  b e  u s e d  
f r e q u e n t l y  i n  t h e  t e x t  f r o m  h e n c e f o r t h .  I t  i s  s i m i l a r  t o  t h e  
b a c k - s c a t t e r  c r o s s - s e c t i o n  a ^  a s  u s e d  b y  R e n a u  ( 1 3  a n d  1 4 )  a n d  
r a d a r  e n g i n e e r s .
0  B ^ P
T h e n  1 / 3  ~  — — ■—  w h e r e  A  i s  t h e  a r e a  o f  t h e  s p o t .
4 i r F R2 A
S u b s t i t u t i n g  f o r  < p p * >  f r o m  e q n .  2 . 2 . 3 .  a n d  p u t t i n g
' A  = F ’ W F t A 2 ,  v  )  ^
g i  v e s
1 / 3
J 2 T 2 4 e x p  ( ~ X  ■ r - U  3 . 2 . 2
v  2 ( 2 . 4 4  A )2 o z v  a 2 4 v  2 ^  N  p
z  '  '  z
1/3 i s  i n d e p e n d e n t  o f  t h e  s p o t  s i z e ,  a n d  A , b u t  i s  a  s q u a r e  l a w  
Dp
f u n c t i o n  o f  -p-- . T h e s e  o n l y  a p p l y  t o  a  r o u g h  s u r f a c e  a n d  f o r  
R
D r / F r  <  *  ^ s i n c e  c l e a r l y ,  i f  t h e  s u r f a c e  h a s  a  n a r r o w  l o b e  o f  
s c a t t e r ,  t h e n  i n c r e a s i n g  t h e  r e c e i v e r  a r e a  b e y o n d  t h i s  w i d t h  w i l l  
n o t  i m p r o v e  t h e  s i g n a l  l e v e l .  ( I n  t h e  e x p e r i m e n t s  p e r f o r m e d  t h e  
m a x i m u m  v a l u e  f o r  D R/ F R w a s  . 0 2 5 .  I t  i s  e x t r e m e l y  u n l i k e l y  t h a t  
a  v a l u e  g r e a t e r  t h a n  t h i s  s h o u l d  b e  u s e d  i n  p r a c t i c e . )
M e a s u r e m e n t  o f  1 / 3  a t  o p t i c a l  f r e q u e n c i e s  i s  r e l a t i v e l y  s i m p ' l  
a n d ’ , h a s  b e e n  p e r f o r m e d  b y  v a r i o u s  a u t h o r s  ( 1 3 ,  3 0 ) .  O n e  i m p o r t a n t  
p o i n t  n o t  m a d e  c l e a r  b y  t h e s e  a u t h o r s  i s  t h a t  t h e  m a t h e m a t i c a l  
d e s c r i p t i o n  a b o v e  d e s c r i b e s  t h e  e n s e m b l e  a v e r a g e d  v a l u e ,  w h e r e a s  
t h e y  u s e d ,  a  s p a t i a l  a v e r a g i n g  t e c h n i q u e ,  u s i n g  a  l a r g e  s p o t  o n  
t h e  s u r f a c e .
S i n c e  < p p * >  i s  t h e  e n s e m b l e  a v e r a g e  f o r  a  s t a t i s t i c a l l y  
s t a t i o n a r y  r o u g h  s u r f a c e ,  i t  i s  f o u n d  b y  a v e r a g i n g  a  l a r g e  n u m b e r  
o f  m e a s u r e m e n t s  m a d e  a t  d i f f e r e n t  p o i n t s  o n  t h e  s u r f a c e .  T o  d o  
t h i s ,  t h e  s i g n a l  c a n  b e  d e t e c t e d  t h r o u g h  a s m a l l  r e c e i v e r  a p e r t u r e ,  
a s  t h e  s u r f a c e  i s  t r a n s l a t e d  a c r o s s  t h e  b e a m .  B y  s a m p l i n g  a t  
t i m e  i n t e r v a l s  t  s u c h  t h a t
3.2 .1 .1 »  Ensemb 1 e Average o f  1/3'.
w h e r e  v  i s  t h e  s u r f a c e  v e l o c i t y ,  a n  e n s e m b l e  a v e r a g e  c a n  b e  
c o m p u t e d .
3 . 2 . 1 . 2 . S p a t i a l  A v e r a g e  . o f  1 / 3 *
T h e  m e a s u r e m e n t  o f  t h e  e n s e m b l e  a v e r a g e  i s  a  t i m e  c o n s u m i n g  
a n d  u n n e c e s s a r i l y  i n v o l v e d  p r o c e s s .  A n  a l t e r n a t i v e ,  a n d  s i m p l e r ,  
s o l u t i o n  i s  t o  p e r f o r m  a  s p a t i a l  a v e r a g e .  I n  t h i s  c a s e  a  l a r g e  b e a m  
o f  l i g h t  i s  d i r e c t e d  o n t o  t h e  t a r g e t ,  a n d  t h e  r e c e i v e r  a l l o w e d  t o  
c o l l e c t  m a n y  l o b e s  o f  t h e  s p e c k l e  p a t t e r n .  T h e n ,  a s  t h e  s u r f a c e  
m o v e s ,  t h e r e  f .s  l a s s  f l u c t u a t i o n  i n  t h e  s i g n a l ;  h e n c e  a m e a s u r e m e n t  
w i t h  t h e  s u r f a c e  s t a t i o n a r y  i s  s u f f i c i e n t .  U n d e r  t h e s e  c o n d i t i o n s  
p l o t s  o f  b a c k - s c a t t e r  a n d  s c a t t e r  a r e  s i m p l y  p e r f o r m e d .
A  s e r i e s  o f  e x p e r i m e n t s  w e r e  r u n  t o  v e r i f y  t h a t  e n s e m b l e  a n d  
s p a t i a l  a v e r a g i n g  p r o d u c e  t h e  s a m e  r e s u l t s .
3 . 2 . 2 .  R M S N o i s e  P o w e r
I n  e s s e n c e ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  e n s e m b l e  a v e r a g e  a n d  
t h e  s p a t i a l  a v e r a g e  i s  t h a t  t h e  n o i s e  p o w e r  h a s  b e e n  r e m o v e d ,  i n  t h e  
l a t t e r  c a s e ,  b y  a v e r a g i n g  a t  t h e  a p e r t u r e .
27.
I n  t h e  c a s e  w h e n  t h e  r e c e i v e r  e n c l o s e s  M s p e c k l e s ,  s a y  
G o o d m a n  ^ ! u  ^ s h o w s  t h a t  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  t h e  
d e t e c t e d  s i g n a l  ( i n t e g r a t e d  i n t e n s i t y )  i s
w h e r e
p (ps )
M
a M P .  " • e x p  ( -  a  P ) 
r  ( M )
T
3 , 2
G o o d m a n  s u g g e s t s  M a n d  a  a r e  a d j u s t e d  t o  f i t  t h e  m e a n  
a n d  v a r i a n c e  o f  t h e  m e a s u r e d  d i s t r i b u t i o n
a
w h e r e  a  i s  t h e  o p t i c a l  r  in s n o i s e  p o w e r ,  E q n .  3 . 2 . 3 .  i s  d e r i v e d  
b y  a s s u m i n g  t h a t  t h e  i n t e n s i t y  o f  e a c h  c e l l  M i s  c o n s t a n t ,  b u t  
i n d e p e n d e n t  o f  t h e  n e i g h b o u r i n g  a r e a s .  U s i n g  t h i s  r e s u l t  
D a i n t y  c a l c u l a t e d  t h e  v a l u e  o f  a  f o r  v a r i o u s  r a t i o s  o f  r e c e i v e r  
t o  s p e c k l e  s i z e  a n d  s h o w s  t h a t
1
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4 k  b  u  ( 0 . 3 0 5 )  
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a n d  u i s  t h e  a p e r t u r e  v a r i a b l e ,
3 . 2 , 3 .  B a c k  t s c a t t e r e d  P o w e r
E q n .  3 . 2 , 2 ,  s h o w s  t h a t  1 / 8  d e p e n d s  o n  t h e  f a c t o r s  0 ,  v  ,
v  a n d  v  , T h e y ,  i n  t u r n ,  d e p e n d  o n  t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  x  y
o f  t h e  i n c i d e n t  a n d  s c a t t e r e d  b e a m s .  C a l c u l a t i o n  o f  1 / 8  f o r  b a c k s c a t t e r
w i t h  v a r i o u s  v a l u e s  o f  ! °  h a v e  b e e n  m a d e  a n d  a r e  s h o w n  i n  
F i g .  3 b .  T h e  f a s t  f a l l  i n  s i g n a l  l e v e l  c a n  b e  e x p l a i n e d  s i m p l y  
b y  t h e  f a c t  t h a t  a s  t h e  a n g l e  o f  i n c i d e n c e  i n c r e a s e s ,  s o  d o e s  t h e  
a n g l e  o f  s c a t t e r ,  a n d  f o r  a n y  p a r t i c u l a r  s u r f a c e  t h e  s c a t t e r  
p r e d o m i n a t e s  i n  t h e  d i r e c t i o n  i n  w h i c h  t h e  s l o p e  o f  t h e  s u r f a c e  
f a c e . t s p r o d u c e  a  s p e c u l a r  r e f l e c t i o n ,  ( i  . e .  a w a y  f r o m  t h e  i n c i d e n t  
d i r e c t i o n ,  e x c e p t  f o r  n o r m a l  i n c i d e n c e . )  T h e  p r o b a b i l i t y  o f  
o b t a i n i n g  a  h i g h  d e n s i t y  o f  f a c e t s  n o r m a l  t o  t h e  i n c i d e n t  d i r e c t i o n  
d e c r e a s e s  a s  t h e  a n g l e  i n c r e a s e ' s .  T h i s ,  o f  c o u r s e ,  a s s u m e s  n o  
m u l t i  p i e  r e f 1 e c t i o n s .
T h e  b a c k - s c a t t e r  c o n f i g u r a t i o n  i s  t h e  m o s t  p o p u l a r  f o r  
d o p p l e r  s y s t e m s  s i n c e  i t  s i m p l i f i e s  t h e  a l i g n m e n t  r e q u i r e m e n t s .
F o r  t h i s  r e a s o n  i t  f i g u r e s  p r o m i n e n t l y  i n  t h e  m e a s u r e m e n t s  d e s c r i b e d  
1 a t e r .
3 . 2 . 4 .  S c a t t e r e d  P o w e r
I n  t h i s  i n s t a n c e  0-j i s  k e p t  c o n s t a n t ,  w h i l e  e p  t h e  
s c a t t e r i n g  a n g l e  ( e 0 ~  0 )  i s  v a r i e d .  P r e d i c t i o n s ,  u s i n g  B e c k m a n n ' sO
e q u a t i o n s ,  a r e  e a s i l y  p e r f o r m e d  a n d  a  s u b s t a n t i a l  r a n g e  o f  p l o t s  f o r
T ( CM
v a r i o u s  v a l u e s  o f  l 0 a n d  c a n  b e  f o u n d  i n  h i s  p u b l i c a t i o n  1 .
S u m m a r y
T h e  s c a t t e r i n g  l o s s  3 h a s  b e e n  s h o w n  t o  b e  e a s i l y  d e r i v e d  
f r o m  B e c k m a n n ' s  r e s u l t s ,  a n d  c o n s e q u e n t  u p o n  i t s  d e f i n i t i o n ,  i s  a n  
e a s y  p a r a m e t e r  t o  m e a s u r e .  I t  c a n  b e  r e c o r d e d  e i t h e r  b y  e n s e m b l e  
a v e r a g i n g  o r  s p a t i a l  a v e r a g i n g .  T h e  l a t t e r  t e c h n i q u e  a l l o w s  o n e  t o  
o b t a i n  c o n t i n u o u s  s c a t t e r  p a t t e r n s  o f  1/3 v e r s u s  e - j  a n d  9 , ,  
A l t e r n a t i v e l y ,  t h e  e n s e m b l e  a v e r a g e d  r e s u l t s  y i e l d ,  a f t e r  m a n i p u l a t i o n
T
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a n o t h e r  p a r a m e t e r  o f  i n t e r e s t ,  n a m e l y  a s t h e  r . m . s  o p t i c a l  p o w e r .
P
W h e n  t h i s  i s  c o m b i n e d  w i t h  T / $  t h e  S / N  o f  t h e  o p t i c a l  s i g n a l  
i s  o b t a i n e d .  S u c h  a  m e a s u r e m e n t  i s  e a s i l y  p e r f o r m e d .
3 . 3 .  COHE R E NT  R E C E P T I O N
T o  c a l c u l a t e  t h e  s i g n a l  e x p e c t e d  f o r  a  c o h e r e n t  r e c e i v e r ,  a
s t a r t  i s  m a d e  w i t h  e q n .  2 . 1 . 3 ,  s u i t a b l y  m o d i f i e d .  I n t r o d u c i n g
s p a c e  d e p e n d e n t  t e r m s  f o r  E r  a n d  < o ( t ) ,  s i n c e  t h e  s c a t t e r e d  f i e l d  
i s  n o n - u n i f o r m ,  t h i s  e q u a t i o n  b e c o m e s
T ' -  1 / ’T o 2 i T  ( r ’  t ) 2  +  E F ( r  t )  e  J 4 U r * 4A  " T n ( “ T ' " +  “ Y ~ ~ ~  L s *0  e /
w h e r e  E t h e  p e a k  a m p l i t u d e  o f  t h e ' s c a t t e r e d  f i e l d  h a s  a  t i m e  
d e p e n d a n c e  a s  w e l l .  T h e  o p t i c a l  p o w e r  p a s s i n g  t h e  r e c e i v e r  
a p e r t u r e  A R i s
P D = f l I p  d a  = P L 0 + P DC + PAC
w h e r e
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N ow f o r  a l l  t h e  c a s e s  c o n s i d e r e d  h e r e  t h e  l o c a l  o s c i l l a t o r  f i e l d  
i s  c o n s t a n t ,  h e n c e  :
h o  = T f  ar
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A l s o  f r o m  e q n .  2 . 1 . 4 .  i t  i s  f o u n d  t h a t  f o r  a  u n i f o r m  s i g n a l  f i e l d  
t h e  p e a k  v a l u e  o f  i s
| P A r  I =  3 . 3 . 5 ,
1n a x  2
t h e  r e s u l t  u s e d  b y  m a n y  w o r k e r s .  T h i s ,  o f  c o u r s e ,  i s  i n c o r r e c t  
w h e n  c o n s i d e r i n g  a s p e c k l e  f i e l d  s i n c e  i t  i s  f a r  f r o m  u n i f o r m .
I n  g e n e r a l  t e r m s ,  a  ' d e t e c t o r  l o s s  f a c t o r *  . y  c a n  b e  d e f i n e d  w h i c h  
a c c o u n t s  f o r  a n y  d i f f e r e n c e  b e t w e e n  t h e  m a x i m u m  s i g n a l  e x p e c t e d ,  
a s  d e f i n e d  b y  t h e  a b o v e  e q u a t i o n ,  a n d  t h e  s i g n a l  P ^  a c t u a l l y  
d e t e c t e d .  ( A s s u m i n g  z e r o  c o h e r e n c e  l o s s  e l s e w h e r e  i n  t h e  s y s t e m ) .
T h e  e q u a t i o n s  p r e s e n t e d  a b o v e  w i l l  n o w  b e  d i s c u s s e d  i n  d e t a i l .
3 . 3 . 1 .  S o l u t i o n  f o r  N o n - u n i f o r m  F i e l d
S i n c e ,  i n  p r a c t i c e ,  t h e  s p e c k l e  f i e l d  i s  a  r a n d o m  v a r i a b l e ,  
o n l y  a n  i n d i c a t i o n  o f  t h e  n a t u r e  o f  t h e  e x p e c t e d  s i g n a l  c a n  b e  
p r e s e n t e d .  R e f e r r i n g  t o  e q u a t i o n s  3 . 3 . 1 ,  3 . 3 . 2 ,  a n d  3 . 3 . 3 ,  i t  
c a n  b e  s e e n  t h a t  t h e  p r o b l e m  a m o u n t s  t o  s o l v i n g  t h e  i n t e g r a l  f o r  
P ^ c  w h e n  f f l  ( r ,  t )  a n d  <j> ( r ,  t )  a r e  u n d e f i n e d .  T o  p r o v i d e  a  
s u i t a b l e  i n d i c a t i o n  i n  t h e  f i r s t  i n s t a n c e - ,  s o m e  s i m p l i f y i n g  
a s s u m p t i o n s  a r e  m a d e  :
a )  I g n o r e  t h e  t i m e  d e p e n d a n c e  o f  f f l  a n d  <j>.
b ) A s s  u ine  <j> ( r ) i s  c o n s  t a n  t .
y 2
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s o s u s i n g  e q n .  3 . 3 . 4 . ,  i t  i s  f o u n d  t h a t
I1 AC.
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T h e  n u m e r a t o r  i s  t h e  m e a n , a n d  t h e  d e n o m i n a t o r  t h e  r o o t  m e a n  s q u a r e ,  
o f  E a n d  ( t h e  e q u a l i t y  a r i s e s  w h e n  E £ ( r )  i s  c o n s t a n t ) .
T h u s ,  f o r  a u n i f o r m  f i e l d  m i x i n g  w i t h  a  n o n - u n i f o r m  f i e l d  t h e  
e x p e c t e d  s i g n a l  w i l l  a l w a y s  b e  l e s s  t h a n  t h a t  p r e d i c t e d  b y  e q n . 3 , 3 . 5 .  
e v e n  i f  t h e  p h a s e  t e r m  <j> ( r )  i s  c o n s t a n t .
B y  r e m o v i n g  c o n d i t i o n  ( b ) ,  t h e  i n t e g r a t i o n  b e c o m e s  a  p h a s o r  
s u m m a t i o n  o v e r  t h e  . a p e r t u r e ,  a n d  s i n c e
N
* En i*  n 
n = l
E n
t h e  t o t a l  e f f e c t i v e  p o w e r  m u s t  b e  r e d u c e d .
I n c l u s i o n  o f  t h e  p h a s e  d e p c n d a n c e  <P ( r )  d e t e r i o r a t e s  t h e  e x p e c t e d  
s i g n a l  e v e n  m o r e .  M a t h e m a t i c a l l y  t h e n ,  y  c a n  b e  d e f i n e d  f r o m
1 < i P AC I 2 >
r < P ag I >m a x
w h i c h  i s  c o n s i s t e n t  w i t h  t h e  g e n e r a l  d e f i n i t i o n  p r e s e n t e d  e a r l i e r .
T h e  b r a c k e t s  d e n o t e  e n s e m b l e  a v e r a g e .  U s i n g  e q n .  3 . 3 . 5 .  a n d  n o t i n g
P •
t h a t  <  P n P > = £ <  P >  =  k LDC sg
t h e n  ^  p n
< | P 12 > = J ”  “
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S i n c e  P y  a n d  Pj  q  a r e  o p t i c a l  p o w e r s  P ^ r  c a n  b e  i m a g i n e d  t o  b e
t h e  ' e f f e c t i v e '  c o h e r e n t  o p t i c a l  s i g n a l  p o w e r .
F o r  a n y  s y s t e m ,  w h e r e  P y  a n d  Pj q  w i l l  b e  k n o w n ,  P * y  c a n  b e
d e t e r m i n e d  f r o m  t h e  k n o w l e d g e  o f  3 a n d  y  .
T h e  p r o d u c t  l / y 3  'iS i d e n t i c a l  i n  i t s  e f f e c t  t o  t h e  f a c t o r  
1 / s  i n t r o d u c e d  b y  K u l c z y k  t o  e x p r e s s  t h e  l o s s  i n  s i g n a l  s t r e n g t h  d u e  
t o  t h e  t a r g e t  b e i n g  n o n - s p e c u l a r .  H o w e v e r ,  t h e  i n t r o d u c t i o n  o f  t w o  
f a c t o r s  e n a b l e s  o n e  t o  i d e n t i f y  s e p a r a t e l y  t w o  d i f f e r e n t  e f f e c t s
3 . 3 . 6
I t  m u s t  b e  s t r e s s e d  t h a t  l/'yp i s  t h e  a v e r a g e  v a l u e  t o  b e  
e x p e c t e d  a n d  f o r  a n y  p a r t i c u l a r  m e a s u r e m e n t  t h e  a c t u a l  v a l u e  
d e p e n d s  o n  t h e  s t a t i s t i c s  o f  t h e  d i s t r i b u t i o n  o f  1/y 3 .
3 . 3 . 2 .  Sp e c k l e  S i m u l a t i o n
O n e  p o s s i b l e  w a y  o f  o b t a i n i n g  a  r e a l i s t i c  t h e o r e t i c a l  v a l u e  
f o r  1/y i s  t o  s i m u l a t e  t h e  i n t e g r a t i o n  o f  t h e  s p e c k l e  f i e l d  o n  a 
d i g i t a l  c o m p u t e r .
F o r  s i m p l i c i t y ,  a  o n e - d i m e n s i o n a l  m o d e l  w a s  t a k e n  a n d  a  p r o g r a m  
w r i t t e n  w h i c h  a l l o w e d  f o r  a d j u s t m e n t  o f  t h e  f o l l o w i n g  p a r a m e t e r s  :
1 )  S p e c k l e  s h a p e .
2 )  S p e c k l e  p e a k  v a l u e .
3 )  A d j a c e n t  s p e c k l e  p h a s e s  ( p h a s e  c o n s t a n t  i n s i d e  a s p e c k l e ) .
4 )  A v e r a g i n g  A p e r t u r e  DR/ D ^
F u l l  d e t a i l s  a n d  a  c o p y  o f  t h e  p r o g r a m  c a n  b e  f o u n d  i n  A p p e n d i x  I ,
F i g .  4  s h o w s  t h e  m e a n  v a l u e  o f  1 / y  p l o t t e d  a g a i n s t  D ^ / D ^  a n d  t h e
p h a s e  a n g l e  o f  a d j a c e n t  s p e c k l e s  w a s  a l t e r e d  t o  p r o d u c e  t h e  f a m i l y  
o f  c u r v e s .
T h e  l i m i t a t i o n s  i n  t h e  u s e  o f  a  d e t e r m i n i s t i c  m o d e l  o f  a  
r a n d o m  p r o c e s s  d i d  n o t  w a r r a n t  t h e  p r o b l e m s  i n v o l v e d  i n  w r i t i n g  a 
p r o g r a m  f o r  a  t w o - d i m e n s i o n a l  m o d e l .
S t e t s o n  m e n t i o n s  t h a t  a d j a c e n t  s p e c k l e s  a p p e a r  t o  h a v e
p h a s e s  i n  o p p o s i t i o n ,  i . e ,  1 8 0 °  a p a r t .  I f  t h i s  i s  s o  f o r  a  G a u s s i a n
( o n e - d i m e n s i o n a l )  s p e c k l e  s h a p e ,  a  4  d b  d e c r e a s e  i n  1 / y  c a n  b e  
e x p e c t e d  w h e n  t h e  r e c e i v e r  a p e r t u r e  i n c r e a s e s  f r ~ m  a  s m a l l  v a l u e
a n d ,  i n  f a c t ,  i t  i s  l a t e r  s h o w n  t h a t  y  i s  i n d e p e n d e n t  o f  3 .
R e c e i v e r  /  S p e c k l e  r a t i o  l f f l / D e  
F i g .  4 .  S I M U L A T I O N  OF ] / Y V E R S U S  D R/ D $
T h e  p h a s e  o f  a d j a c e n t  s p e c k l e s  i s  a )  0 °  t>)  9 0 °  c )  1 8 0 ° .
34.
t o  a p p r o x i m a t e l y  L f f l ,  a n d  t h e r e a f t e r  i t  w i l l  i n c r e a s e  s t i l l  f u r t h e r .
3 . 3 . 3 .  R M f f l  N o i  s e  P o w e r
1 / y  d e f i n e s  t h e  m e a n  s i g n a l  l o s s  e x p e c t e d  w h e n  c o h e r e n t l y  
d e t e c t i n g  a  s p e c k l e  f i e l d .  C o m b i n e d  w i t h  P y / $  t h e  m e a n  e f f e c t i v e  
o p t i c a l  p o w e r  c a n  b e  c a l c u l a t e d .  I t  i s  a l s o  u s e f u l  t o  o b t a i n  t h e  
r  rn s d e v i a t i o n  o f  t h e  s i g n a l  a b o u t  t h i s  m e a n .
S i n c e  t h e  f i e l d  d i s t r i b u t i o n  i s  R a y l e i g h  ( 2 . 3 . 1 . )  a n d  t h e  
d e t e c t e d  p o w e r  i s  p r o p o r t i o n a l  t o  t h e  f i e l d ,  t h e  d i s t r i b u t i o n  o f  t h e  
c o h e r e n t  o p t i c a l  p o w e r  m i g h t  b e  e x p e c t e d  t o  b e  R a y l e i g h .  H e n c e  
| i f f l c  I* w i l l  h a v e  a  n e g a t i v e  e x p o n e n t i a l  d i s t r i b u t i o n  f o r  v e r y  
s m a l l  r e c e i v e r  a p e r t u r e s .  I n  f a c t ,  a n  a d d i t i o n a l  f a c t o r  ( s e e  
s e c t i o n  3 . 4 . 2  , 2 ) a l s o  c o n t r i v e s  t o  m a k e  t h i s  t h e  c a s e ,  e v e n  f o r  l a r g e  
v a l u e s  o f  D R/ D g .  H e n c e ,  t h e r e  i s  n o  s m o o t h i n g  o f  t h e  s i g n a l  b y  
a p e r  t u r e  a v e r a g i n g ,  a s  i s  t h e  c a s e  w i t h  i n c o h e r e n t  d e t e c t i o n .
T w o  s i m p l e  r e s u l t s  f o r  t h e  d i s t r i b u t i o n s  m e n t i o n e d  a b o v e  a r e
n o t e d  :
R a y l e i g h
m e a n
0 " 1 .ST
N e g a t i  v e  E x p o n e n t ! a l
a  =  m e a n
T h i s  s u g g e s t s  t h a t  k n o w l e d g e  o f  t h e  m e a n  s h o u l d  b e  s u f f i c i e n t  t o  
d e t e r m i n e  t h e  r  m s  n o i s e  p r e s e n t  i n  t h e  o p t i c a l  p o w e r .
3 . 3 . 4 .  C o h e r e n t  S c a t t e r e d  P o w e r
I t  w a s  s h o w n  e a r l i e r  ( e q n .  3 . 2 , 2 . )  t h a t  1 / 3  w a s  i n d e p e n d e n t  
o f  t h e  s p o t  s i z e  a t  t h e  t a r g e t  ( s u b j e c t  t o  c e r t a i n  l i m i t a t i o n s ) ,  a n d
3 5 .
t h a t  s p a t i a l  a p e r t u r e  a v e r a g i n g  i s  e q u i v a l e n t  t o  e n s e m b l e  a v e r a g i n g  
( s e e  C h a p t e r  5 ) .  H e n c e  i t  b e c o m e s  a  s i m p l e  m a t t e r  t o  o b t a i n  t h e  
s c a t t e r  p a t t e r n s  o f  v a r i o u s  s u r f a c e s ,  i n  t e r m s  o f  1 / 3 .
T h e  e x p r e s s i o n
2  4  P-r  P
PAC i s  o n l y  u s e f u l  p r o v i d e d  3 a n d  y  a r e  3 y
i n d e p e n d e n t .  3 d e p e n d s  o n  t h e  s u r f a c e  p r o p e r t i e s  o f  t h e  t a r g e t  b u t  
n o t  o n  t h e  s i z e  o f  t h e  t a r g e t  s p o t ,  y  o n  t h e  o t h e r  h a n d ,  i s  d u e  t o  
t h e  i n t e r - a c t i o n  o f  t h e  s p e c k l e  a n d  t h e  r e c e i v i n g  a p e r t u r e * . a  n u m b e r  
o f  w o r k e r s  h a v e  o b s e r v e d  t h e  s p e c k l e  a n d  i t s  v a r i a n c e  t o  b e  i n d e p e n d e n t  
o f  t h e  s u r f a c e  p r o p e r t i e s  o f  t h e  t a r g e t  ( w i t h i n  l i m i t s  o f  r o u g h n e s s )  
a n d  t o  d e p e n d  o n l y  o n  t h e  o p t i c a l  s y s t e m ,  i n  p a r t i c u l a r  o n  s p o t  s i z e  
a n d  r e c e i v e r  a p e r t u r e .  I t  i s  t h e r e f o r e  p o s t u l a t e d  h e r e  t h a t  3 a n d  
Y a r e s i n  f a c t ,  i n d e p e n d e n t  a n d  t h i s  i s  i n d e e d  c o r r o b o r a t e d  b y  
e x p e r i  m e r i t s .
T h i s  b e i n g  t h e  c a s e ,  m e a s u r e m e n t s  o f  c o h e r e n t  s c a t t e r  p a t t e r n s
p r o v e  u n n e c e s s a r y .  H a v i n g  d e t e r m i n e d  1 / 3  f o r  a  r a n g e  o f  a n g l e s  o f
i n c i d e n c e  a n d  a n g l e s  o f  s c a t t e r  ( 3 . 2 . 3 ,  3 . 2 . 4 ) ,  t o  f i n d  t h e  c o h e r e n t
2
d e t e c t i o n  s c a t t e r  p a t t e r n  ( i . e . < PAC >' v e r s u s  Q.^  a n d  0^ ) ,  i t  i s
s u f f i c i e n t  m e r e l y  t o  m o d i f y  t h e  v a r i a t i o n  i n  1/3 b y  t h e  f a c t o r  1 / y .  
T h e  v a l u e  o f  1 / y  i s  d e t e r m i n e d  e n t i r e l y  f r o m  t h e  r a t i o  o f  D ^ / D s  f o r  
t h e  s y s t e m .
M e a s u r e m e n t s  t o  p r o v e  t h e  v a l i d i t y  o f  t h e s e  s t a t e m e n t s  w e r e  
m a d e  b y  c o m p a r i n g  t h e  c u r v e s  f o r  1 / y  f o r  d i f f e r e n t  s u r f a c e s  ( i . e .  
d i f f e r e n t  1 / 3 ) .
T h e r e  a r e  t w o  p o i n t s  t o  n o t e  a b o u t  d e t e r m i n i n g  t h e  s p e c k l e  
s i z e  D,
1 ) f o r  b a c k - s c a t t e r  t h e  a n g l e  t h e  s p o t  s u b t e n d s  a t  t h e  
r e c e i v e r  i s  i n d e p e n d e n t  o f  t h e  a n g l e  o f  i n c i d e n c e  ( t h e  a c t u a l  
s p o t  s i z e  i n c r e a s e s  w i t h  e - j )  s o  t h a t  t h e  s p e c k l e s  a r e  
a l w a y s  t h e  s a m e  s i z e  f o r  b a c k - s c a t t e r .
2 )  F o r  s c a t t e r  a t  o t h e r  a n g l e s  t h e  a n g l e  <j> s u b t e n d e d  b y  t h e
A
s p o t  a t  t h e  r e c e i v e r  i s  g i v e n  b y
dp c o s  q 2 
F  = cos""e"
T h e  s p e c k l e  s i z e  d o e s  t h e n  d e p e n d  o n  t h e  a n g l e  o f  i n c i d e n c e  a n d  t h e  
a n g l e  o f  s c a t t e r .
S u mma r y
B y  i n t r o d u c i n g  a  d e t e c t o r  l o s s  f a c t o r  y  9 a n d  p e r f o r m i n g  
m e a s u r e m e n t s  t o  d e t e r m i n e  i t s  v a l u e s i t  i s  p o s s i b l e  t o  p r e d i c t  c o h e r e n t
d e t e c t i o n  s i g n a l  l e v e l s  f o r  s p e c i f i c  o p t i c a l  s y s t e m s .  S i n c e  1 / y  i s
e x p e c t e d  t o  d e p e n d  o n l y  o n  t h i s  r a t i o ,  a n d  s i n c e  t h e  s p e c k l e  d i a m e t e r  
c a n  b e  d e t e r m i n e d  f r o m  t h e  r e s o l v e d  s p o t ,  s i z e  i n  t h e  r e c e i v e r
d i r e c t i o n ,  c o h e r e n t  s c a t t e r  p a t t e r n s  c a n  b e  d e t e r m i n e d  f r o m  t h e i r
i n c o h e r e n t  c o u n t e r p a r t s  u s i n g  t h e  p r o d u c t  1 / y 3 . S i m u l a t i o n  
e x p e r i m e n t s  s u g g e s t  t h a t  1 / y  c a n  b e  e x p e c t e d  t o  b e  s m a l l ,  e v e n  f o r  
a  u n i t y  r e c e i v e r / s p e c k l e  r a t i o .
3 , 4 .  D ^ T E C I I O N
C a l c u l a t i o n s  s o  f a r ,  a n d  m e a s u r e m e n t s  d e s c r i b e d  l a t e r ,  a r e  
i n  t e r m s  o f  e i t h e r  t h e  o p t i c a l  p o w e r  o r  ‘ e f f e c t i v e 1 o p t i c a l  p o w e r  
t h a t  r e a c h e s  t h e  d e t e c t o r .  B y  u s i n g  t h i s  d e s c r i p t i o n  t h e  r e s u l t s  
c a n  b e  u s e d  f o r  a s s e s s i n g  t h e  p e r f o r m a n c e  o f  a n y  p h o t o d e t e q t o r  s y s t e m
T h e  c a l c u l a t i o n s  o f  s i g n a l  c u r r e n t  f o r  a  p h o t o - m u l t i p l i e r  
s i t u a t e d  a d j a c e n t  t o  t h e  r e c e i v e r  a p e r t u r e  ( s e e  F i g .  3 a )  a r e  n o w  
p r e s e n t e d  f o r  b o t h  c o h e r e n t  a n d  i n c o h e r e n t  d e t e c t i o n  s y s t e m s .  I t  
i s  s h o w n  t h a t  f o r  b o t h  s y s t e m s  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  
i n s t a n t a n e o u s  v a l u e  a n d  m e a n  v a l u e  o f  1 / 3  a n d  1 / y  f r o m  t h e  
p h o t o - m u 1 t i  p i i  e r  c u r r e n t .
3 . 4 . 1 .  O u t p u t  c u r r e n t :___ I n c o h e r e n t  D e t e c t i o n
I t  i s  w e l l  k n o w n  t h a t  t h e  o u t p u t  c u r r e n t  o f  a  p h o t o - d e t e c t o r  
i s  p r o p o r t i o n a l  t o  t h e  i n c i d e n t  o p t i c a l  p o w e r ,  s u b j e c t  t o  f r e q u e n c y  
r e s p o n s e  l i m i t a t i o n s .  T h e r e f o r e ,  u s i n g  t h e  r e l a t i o n s h i p
1'D “  K p  P D
w h e r e  i R i s  t h e  p h o t o - d e t e c t o r  o u t p u t  c u r r e n t s  a n d  e q n .  3 . 2 . 1 ,  
g i v e s  :
w h e r e  i y  i s  t h e  m e a s u r e d  c u r r e n t  w h e n  a m i r r o r  i s  i n s e r t e d  a t  
t h e  t a r g e t . ,  a n d  a l l  t h e  i n c i d e n t  p o w e r  p a s s e s  o n t o  t h e  p h o t o - d e t e c t o r
T o  i n c r e a s e  t h e  s e n s i t i v i t y  a n d  d y n a m i c  r a n g e  i n  t h e  m e a s u r e ­
m e n t  o f  i  a n d  i T  t h e  s i g n a l  b e a m  i s  m o d u l a t e d  b y  a  r o t a t i n g  
d i s c ,  a n d  t h e  p e a k  v a l u e  o f  t h e  s i g n a l  r e c o r d e d .  I n  p r a c t i c e s 
t h i s  h a s  b e e n  f o u n d  t o  g i v e  s u f f i c i e n t  s e n s i t i v i t y  a l t h o u g h  
p e r f o r m a n c e  c o u l d  b e  i m p r o v e d  s t i l l  f u r t h e r ,  u s i n g  p h a s e  d e t e c t i o n  
t e c h n i q u e s .
3 . 4 . 2 .  O u t p u t  C u r r e n  t  : C o h o r e n  t  D e t e c t i  o n
B y  c o m b i n i n g  e q u a t i o n s  3 . 4 . 1 s 3 . 3 . 1 ,  3 . 3 . 2 ,  a n d  3 . 3 . 3 ,  t h e
38.
w h e r e  1 j q  i s  t h e  d i r e c t  c u r r e n t  d u e  t o  t h e  l o c a l  o s c i l l a t o r ,
1 DC ' s s ^ o w  v a r y i  n g  " d . c . 11 o f  t h e  s i  g n a l  f i e l  d ,  1 ^  i  s
t h e  " a . c . "  c o m p o n e n t  d u e  t o  m i x i n g .  T h e  p u r p o s e  o f  t h i s  a n a l y s i s  
i s  t o  i n v e s t i g a t e  t h e  t i m e  v a r y i n g  n a t u r e  o f  i ^  o f  t h e  o u t p u t  
c u r r e n t  i  p .
T h u s ,  f r o m  e q n .  3 . 3 . 3 .
k,; l ( f  j (j) (U, c)
H i I n  V  ( r 5 t )  o  d a  3 . 4 . 4' .AC = 2 n  J '‘ LO " s
AR
I n  g e n e r a l  r  a n d  t  a r e  n o t  i n d e p e n d e n t  i n  t h e  f u n c t i o n s  
r i  ( r ,  t )  a n d  < j > ( r ,  t ) ,  a n d  t h e r e f o r e ,  t h e  t i m e  f a c t o r  c a n n o t  b e  
r e m o v e d  f r o m  t h e  i n t e g r a t i o n .  R e m e m b e r i n g  t h a t  <j> ( r ,  t )  i n c l u d e s  
a l l  t h e  r e l a t i v e  p h a s o r  t e r m s  i n  t h e  t w o  b e a m s ,  t h e y  c a n  b e  
s e p a r a t e d  i n t o  t h e  i n d i v i d u a l  c o m p o n e n t s ,  s u c h  t h a t
t )  =  <j>R ( t )  +  (j>s  ( r ,  t )  '!• f L0 ( t )  3 . 4 . 5
w h e r e  <f> R ( t )  i s  a  r a n d o m  p h a s e  m o d u l a t i o n  d u e  t o  o p t i c a l  c o m p o n e n t  
v i b r a t i o n ,  ( r ,  t )  i s  t h e  p h a s e  m o d u l a t i o n  o f  t h e  s c a t t e r e d  
f i e l d ,  (|)j q  ( t )  i s  a n  a p p l i e d  p h a s e  m o d u l a t i o n  o f  t h e  l o c a l  
o s c i l l a t o r  ( t h e  t e r m  "  m o d u l a t i o n "  i s  u s e d  s i n c e  o n l y  t h e  p h a s e  
c h a n g e s  a r e  o f  i n t e r e s t  a n d  n o t  t h e  a b s o l u t e  p h a s e ) .
3 . 4 . 2 . 1 .  S t a t i o n a r y  S u r f a c e  :
C o n s i d e r  n o w  t h e  e f f e c t s  o f  e a c h  o f  t h e s e  t e r m s  w i t h  t h e  
s u r f a c e  s t a t i o n a r y  ( i . e .  6 0 i s  t i m e  i n d e p e n d e n t ) . T h e n  e q u a t i o n
3 . 4 . 4 .  b e c o m e s  a f t e r  i n t e g r a t i o n
i  •  . 2/  \ 0  J o e  e  J  p R  ( t )  +  * L Q  ( t )  j
ri 
w h e r e  y  .j ' *s  s o m s  i n s t a n t a n e o u s  y .
T h e  m a x i m u m  a n d  m i n i m u m  v a l u e s  o f  t h e  e x p o n e n t i a l  t e r m  a r e  
1 a n d  -1 r e s p e c t i v e l y ,  a n d  p r o v i d e d  frR ( t )  a n d  fr . q  ( t )  f l u c t u a t e  
w i t h  l a r g e  e n o u g h  a m p l i t u d e  a n d  f r e q u e n t l y  e n o u g h  t o  b e  a b l e  t o  
d e t e c t  t h e  p e a k  t o  p e a k  v a l u e s
•i -  J1DC ' lo
pp ~ V? T j
A n  a c t u a l  m e t h o d  o f  m o d u l a t i o n  i s  d i s c u s s e d  i n  C h a p t e r  4 .
I t  c a n  b e  s h o w n  t h a t  
i 2
.... <__ p p  >
Y ^  < I D C > ' L O
H e n c e  y  c a n  J) e  d e t e r m i n e d  f r o m  t h e  o u t p u t  c u r r e n t  o f  a  p h o t o ­
m u l t i p l i e r  p r o v i d e d  s u f f i c i e n t  s a m p l e s  o f  i  a n d  1 ^
o b t a i n e d  t o  g e t  a n  a c c u r a t e  a v e r a g e .  T o  a c h i e v e  t h i s ,  a  t a r g e t  
s u r f a c e  i s  m o v e d  a c r o s s  t h e  b e a m  a t  a  c o n s t a n t  v e l o c i t y ,  s a m p l e s  
o f  t h e  s i g n a l  b e i n g  t a k e n  a t  e q u a l  t i m e  i n t e r v a l s .
3 . 4 . 2 . 2 ,  S i d e w a y s  M o v i n g  S u r f a c e  :
T h e  r e s u l t  a b o v e  w a s  d e r i v e d  f o r  a  s t a t i o n a r y  s u r f a c e ,  b u t
t o  p e r f o r m  t h e  m e a s u r e m e n t s ,  t h e  s u r f a c e  i s  m o v e d .  T h e  e f f e c t  t h i s
h a s  o n  t h e  o u t p u t  c u r r e n t  m u s t  t h e r e f o r e  b e  i n v e s t i g a t e d .  C o n s i d e r
t h e  t r a n s m i t t e r  c o n f i g u r a t i o n  o f  F i g .  5 a .  A s o u r c e  p o i n t  a t  A ,
a  d i s t a n c e ,  a  . f r o m  t h e  c e n t r e  o f  t h e  a p e r t u r e . ,  r a d i a t e s  t o  t h e
t a r g e t  s p o t .  F r o m  t h i s  s p o t ,  A s u b t e n d s  a n  a n g l e  f r y g  f n o m  t h e
n o r m a l  t o  t h e  v e l o c i t y  v e c t o r .  H e n c e  l i g h t  f r o m  A i n c i d e n t  a t  t h e
v .  t .  s i n  ( f r / o )
t a r g e t  u n d e r g o e s  a  p h a s e  s h i f t  o f  —  — . I t  i s
a ® c t
w e l l  k n o w n  t h a t  a l i n e a r  p h a s e  m o d u l a t i o n  m t  o f  a  w a v e  E e  
is* e q u i v a l e n t  t o  a  c o n s t a n t  f r e q u e n c y  m o d u l a t i o n ,  i . e .  a  f r e q u e n c y
4 0 .
T r a n s n r i t t e r  a p e r t u r e
F i g .  5 a .  T R A N S M I T T E R  D O P P L E R  B R O A D E N I N G
F i g .  5 b .  S YSTE M C O N F I G U R A T I O N  FOR M E A S U R I N G  V E L O C I T Y
T h e  v i b r a t i o n a l  v e l o c i t y  t o  b e  m e a s u r e d  i s  v f f l t ) .
s h i f t  o f  . H e n c e  e a c h  p o i n t  i n  t h e  t r a n s m i t t e r  c o n t r i b u t e s  
l i g h t  o f  a  s l i g h t l y  d i f f e r e n t  f r e q u e n c y  t o  t h e  s p o t  a t  t h e  t a r g e t .
A  s i m i l a r  e f f e c t  o c c u r s  a t  t h e  r e c e i v e r .  T h e  r e s u l t  i s  t h a t  t h e  
p h o t o - d e c t o r  c u r r e n t  i s  c o m p o s e d  o f  t h e  s u m  o f  m a n y  s i g n a l s  a t  
d i f f e r e n t  f r e q u e n c i e s ,  e a c h  w i t h  a  r a n d o m  a m p l i t u d e .
T h e  o u t p u t  c u r r e n t  w i l l  s h o w  a m p l i t u d e  m o d u l a t i o n  d u e  t o  t h e  
b e a t i n g  o f  t h e s e  f r e q u e n c y  c o m p o n e n t s ,  a s  w e l l  a s  m o d u l a t i o n  d u e  t o  
f l u c t u a t i o n s  o f  f f l  ( 1%  t ) .
P r o v i d e d  m a n y  s a m p l e s  o f  t h e  s i g n a l  a r e  r e c o r d e d ,  s o  a v e r a g i n g  
o u t  t h e  b e a t i n g  m o d u l a t i o n ,  t h e  m e a s u r e m e n t  t e c h n i q u e  d e s c r i b e d  
i n  3 . 4 . 3 . 1 .  s h o u l d  b e  v a l i d .
3 . 4 . 2 , 3 .  R o t a t i n g  T a r g e t
R o t a t i o n  o f  t h e  s u r f a c e  w i l l  t e n d  t o  r o t a t e  t h e  s p e c k l e  p a t t e r n  
( s e e  2 . 3 . 3 . 1 ) .  T h e  r e s u l t i n g  f l u c t u a t i o n  o f  E c ( r 9 t )  a t  t h e  
r e c e i v e r  a p e r t u r e  m o d u l a t e s  t h e  c u r r e n t  i  p y  A t  t h e  s a m e  t i m e ,  
a  p h a s e  m o d u l a t i o n ,  s i m i l a r  t o  t h a t  f o r  a  s i d e w a y s  t r a n s l a t i n g  
s u r f a c e ,  w i l l  b e  p r e s e n t ,  a l t h o u g h  t h e  p h y s i c a l  p r o c e s s  i n v o l v e d  w i l l  
b e  s o m e w h a t  d i f f e r e n t .  ( A  f u l l  a n a l y s i s  i s  p r e s e n t e d  i n  3 . 5 . 2 . 2 . )  
M e a s u r e m e n t s  o f  1 / y  f o r  a  r o t a t i n g  t a r g e t  c a n  b e  m a d e ,  a l t h o u g h  
d i f f i c u l t y  a r i s e s  s i n c e  1/3 c h a n g e s  a s  t h e  t a r g e t  i s  r o t a t e d .
S u m m a r y
T h e  a b o v e  s e c t i o n  c o n t a i n s  a  d e s c r i p t i o n  o f  h o w  t h e  o u t p u t  
c u r r e n t  f r o m  a  p h o t o - d e t e c t o r  c o n t a i n s  t h e  r e q u i r e d  i n f o r m a t i o n  t o  
d e t e r m i n e  1 / 3  a n d  1 / y  a n d  t o  m e a s u r e  t h e  d i s t r i b u t i o n  o f  t h e s e  
v a l u e s .  T h e  s i g n a l  f r o m  t h e  c o h e r e n t  d e t e c t o r  a l s o  c o n t a i n s  
a d d i t i o n a l  i n f o r m a t i o n  w h i c h  c a n  b e  u s e d  t o  f i n d  t h e  D o p p l e r  
b r o a d e n i n g  d u e  t o  m o v e m e n t  o f  t h e  s u r f a c e .
4 1 .
4 2 .
T o  m e a s u r e  1 / y  a n d  t h e  s p e c t r a l  c o n t e n t  o f  t h e  c o h e r e n t  
s i g n a l ,  i t  i s  o n l y  n e c e s s a r y  t o  h a v e  i n f o r m a t i o n  o n  t h e  e n v e l o p e  
o f  t h e  s i g n a l .
3 , 5 .  A  D O P P L E R  RADAR P RO BL E M
T h e  D o p p l e r  b r o a d e n i n g  o f  t h e  s c a t t e r e d  l i g h t  h a s  a  m o r e  
d r a s t i c  e f f e c t  o n  t h e  s y s t e m  p e r f o r m a n c e  t h a n  t h a t  m e n t i o n e d  e a r l i e r  
( 3 . 4 . 2 . 2 ,  3 . 4 . 2 , . 3 . )  A t y p i c a l  D o p p l e r  r a d a r  p r o b l e m  i s  n o w
p r e s e n t e d , ,  s o  t h a t  t h e  e f f e c t  o f  D o p p l e r  b r o a d e n i n g  c a n  b e  c l e a r l y  
d e f i n e d .  T h i s  i s  f o l l o w e d  b y  t h e  t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  
b r o a d e n i n g  e x p e c t e d  f o r  a  r o t a t i n g  a n d  t r a n s l a t i n g  t a r g e t .
A  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  D o p p l e r  s h i f t  m e c h a n i s m  w a s  
i n t r o d u c e d  i n  2 . 1 . 1 . ,  a n d  a  q u a l i t a t i v e  r e p r e s e n t a t i o n  o f  i t s  e f f e c t s  
o n  t h e  d e t e c t o r  o u t p u t  c u r r e n t  i p  w a s  d i s c u s s e d  i n  3 , 4 . 3 . 2 .  a n d
3 . 4 . 3 . 3 .
I n  t h e  p r e v i o u s  s e c t i o n  i t  w a s  s h o w n  t h a t  s i d e w a y s  t r a n s l a t i o n  
o r  a n g u l a r  r o t a t i o n  o f  t h e  t a r g e t  i n t r o d u c e s  D o p p l e r  b r o a d e n i n g  i n t o  
t h e  d e t e c t e d  s i g n a l .
A n  a n a l y s i s  o f  a  p a r t i c u l a r  D o p p l e r  s y s t e m  i s  n o w  p r e s e n t e d .  
C o n s i d e r  t h e  h o r i z o n t a l  v i b r a t i o n  o f  t h e  r o t a t i n g  s h a f t  r e p r e s e n t e d  
i n  F i g . 5 b .  T h e  v e l o c i t y  v e c t o r ,  d u e  t o  t h e  r o t a t i o n  a t  t h e  c e n t r e  
o f  a  s p o t  o f  l i g h t  o n  t h e  c i r c u m f e r e n c e ,  i s  w  r  a t  a n  a n g l e  ( 9 0  ~ e )  
t o  t h e  b e a m .  T h e  v e l o c i t y  c a n  b e  r e s o l v e d  i n t o  t w o  m u t u a l l y  
p e r p e n d i c u l a r  c o m p o n e n t s  a n d  a  r o t a t i o n a l  c o m p o n e n t  w ,  a l l  a c t i n g  
a t  o r  a b o u t  t h e  s p o t  c e n t r e .
T h e  a x i a l  v e l o c i t y  v 0 i s  g i v e n  b y
v  ~ a) r  s i n  e +  v 0 ( t )  3 . 5 .
a  o
4 3 .
a n d  t h e  t r a n s v e r s e ,  o r  s i d e w a y s . ,  v e l o c i t y  i s
v , .  "  w r  c o s  e 3 . 5 . 2 .U
S i n c e  t h e  m o t i o n  c a n  b e  r e s o l v e d  i n t o  t h r e e  s e p a r a t e  c o m p o n e n t s ,  
t h e  a n a l y s i s  a n d  m e a s u r e m e n t  o f  t h e  e f f e c t  o f  e a c h  c a n  b e  
t r e a t e d  s e p a r a t e l y .
A s s u m e  t h e  s u r f a c e  m a t e r i a l  t o  h a v e  a p a r t i c u l a r  b a c k ­
s c a t t e r  p a t t e r n  ( s a y  o n e  o f  F i g .  3 b ) s t h e n  c l e a r l y ,  a s  t h e  b e a m  
i s  m o v e d  v e r t i c a l l y  f r o m  t h e  c e n t r e  o f  t h e  s h a f t ,  t h e  b a c k - s c a t t e r e d  
s i g n a l  d e c r e a s e s . H o w e v e r ,  f o r  e »  0 t h e  b r o a d e n i n g  d u e  t o  
t r a n s l a t i o n a l  v e l o c i t y  i s  a  m a x i m u m ,  s o  i t  i s  l i k e l y  t h a t  t h e  
a n g l e  0 f o r  o p t i m u m  r e s o l u t i o n  i s  n o t  z e r o .  T h u s  t h e r e  i s ,  
p r e s u m a b l y ,  s o m e  o p t i m u m  a n g l e  • a t  w h i c h  t h e  r e s o l u t i o n  o f  t h e  
s y s t e m  i s  a  m a x i m u m .
I n  o r d e r  t o  c a l c u l a t e  p e r f o r m a n c e  e q u a t i o n s  f o r  t h e  s y s t e m ,  
a n a l y t i c a l  f u n c t i o n s  f o r  t h e  b r o a d e n i n g  a r e  r e q u i r e d .
3 . 5 . 1 .  T h e  D0p p i e r  S i  a n a 1
F r o m  e q n .  2 . 1 . 1 .  t h e  d o p p l e r  s h i f t  o f  t h e  s i g n a l  i s
f p  •'  — -  u  — I™ w r  s i n  0 +  V g  ( t ) 3 . 5 . 3 .
A A
T o  o b t a i n  t h e  i n f o r m a t i o n  r e q u i r e d ,  t h e  s i g n a l  m u s t  b e  f e d  t o  a
f r e q u e n c y  d i s c r i m i n a t o r  c e n t r e d  a t  a  f r e q u e n c y  o f  2  to r  s i n  e / A
a n d  t h e n  d e t e c t  t h e  s h i f t  J J .:i a b o u t  t h i s  f r e q u e n c y .A
H o w e v e r ,  t h e r e  a r e  t w o  f a c t o r s  w h i c h  a f f e c t  t h e  a c c u r a c y  o f  s u c h  
a  m e a s u r e m e n t  ;
1 )  S i g n a l  t o  n o i s e  o f  t h e  i n p u t .
2 )  D o p p l e r  b r o a d e n i n g  o f  t h e  i n p u t .
44 . -
3 * 5 . 2 .  R e s o l u t i o n  o f  t h e  P i s c r i m i n a t o r  I  S / N  o f  I n p u t
I t  h a s  b e e n  s h o w n  i n  e a r l i e r  s e c t i o n s  t h a t  t h e  s i g n a l  a t  
t h e  o u t p u t  o f  t h e  d e t e c t o r  c a n  b e  d e t e r m i n e d  o n c e  y  a n d  3 a r e  
k n o w n .  T h i s  a l l o w s  o n e  t o  p r e d i c t  t h e  S / N  r a t i o  a t  t h e  i n p u t  o f  
t h e  d i s c r i m i n a t o r .  K u l c z y k  ^  d i s c u s s e s  t h i s  p r o b l e m  a n d  
p r o v i d e s  a n  e q u a t i o n  t h a t  g i v e s  t h e  m i n i m u m  m e a s u r a b l e  f r e q u e n c y  a F  
a t  t h e  d i s c r i m i n a t o r  o u t p u t ,  i n  t e r m s  o f  t h e  i n p u t  s i g n a l  t o  
n o i s e  C N R a s
a F
J .
Z B i n f  S N R
3  f  C N r
w h e r e  B.; i s  t h e  i  . f .  b a n d w i d t h ,  D .  i s  t h e  o u t p u t  b a n d'i np
3 . 5 . 4
w i d t h ,  a n d  S N R i s  t h e  o u t p u t  s i g n a l  t o  n o i s e  r a t i o ,
(34)
• A 9 d b  S N R h a s  b e e n  s h o w n  v ' t o  b e  s u f f i c i e n t  t o  
d i s t i n g u i s h  a  s i g n a l  i n  n o i s e ,  a n d  u n d e r  t h e s e  c o n d i t i o n s ,  a n d  
w i t h  C N R  =  1 0  d b  B ,  -  1 MHz  a n d  B i n r . =  5 0  K H zif  1 * ■ f
a F = 8 5 0 0  H z  
w h i c h  i s  e q u i v a l e n t  t o  a  p e a k  v e l o c i t y  o f
=* 3  m m / s e c .
3 . 5 . 3 .  R e s o l u t i o n  o f  D i s c r i m i n a t o r  I I  P o p p ! e r  B r o a d e n i n g
M a n y  e x p e r i m e n t e r s  w o r k i n g  w i t h  l a s e r  d o p p l e r  i n s t r u m e n t s  
h a v e  f o u n d  t h a t  t h e  s p e c t r u m  o f  t h e  s i g n a l  i s  n o t  a  n a r r o w  s p i k e  
o f  t h e  t y p e  p r e d i c t e d  i n  e q u a t i o n  3 . 5 . 3 ,  b u t  a  m u c h  w i d e r  
f u n c t i o n  o f  e i t h e r  a  G a u s s i a n  ( F o r e m a n  ^ , f ' ^ a n d  P i k e  t y p e  
i n s t r u m e n t )  o r  t r i a n g u l a r ,  ( C r e a t e d  ) s h a p e .  S p r e a d i n g  
o f  t h e  s p e c t r u m  o f  t h i s  s o r t  r e d u c e s  t h e  r e s o l u t i o n  o f  t h e  s y s t e m  
a n d ,  a s  s u c h ,  r e p r e s e n t s  a  s i g n i f i c a n t  p r o b l e m  t o  t h e  d e s i g n e r .
3 . 5 . 3 . 1 .  T r a n s v e r s e  V e l o c i t y  B r o a d e n i n g  :
a ) T r a n s m i t t e r  b r o a d e n i  n g .
F o r  a  u n i f o r m  i l l u m i n a t i o n  o f  t h e  t r a n s m i t t e r  a p e r t u r e  
t h e  n o r m a l i z e d  f r e q u e n c y  s p e c t r u m  i s  g i v e n  b y  ( s e e  A p p e n d i x  2 )
T h u s  t h e  b r o a d e n i n g  o f  t h e  s p e c t r u m  i s  d i r e c t l y  p r o p o r t i o n a l  t o
A n  i m p o r t a n t  p o i n t  t o  c o n s i d e r  i s  t h a t  b o t h  r e s u l t s  s u g g e s t  
t h a t  t h e  s p e c t r u m  i s  i n d e p e n d e n t  o f  t h e  t a r g e t  p o s i t i o n ,  i . e .  i n  o  
o u t  o f  f o c u s «
b ) R e c e i v e r  b  r o a d e n i n g .
T h e  r e s u l t  a b o v e  a p p l i e s  t o  t r a n s m i t t e r  b r o a d e n i n g  o n l y  a n d  
s i m i l a r  c o n c l u s i o n s  c a n  b e  d r a w n  c o n c e r n i n g  t h e  r e c e i v e r  a p e r t u r e .  
B r o a d e n i n g  d u e  t o  t h e  r e c e i v e r  a p e r t u r e  h a s  b e e n  i g n o r e d  b y  s o m e  
o t h e r  a u t h o r s  ^  c l j l u  . T h e  c o m b i n e d  s p e c t r a l  b r o a d e n i n g  i s
0 V.r  Dt
f  >
T h e  e f f e c t i v e  f u l l  b a n d w i d t h  i s  g i v e n  b y
T!
D y ,  t h e  t r a n s m i t t e r  a p e r t u r e  d i a m e t e r ,  a n d  V y  t h e  t a r g e t  v e l o c i t y .  
A  m o r e  d e t a i l e d  a n a l y s i s  i s  g i v e n  b y  E s t e s  e t  a l  w h o  g i v e  
t h e  r e s u l t
2 . 3 4  v ' 0‘
A
w h e r e  a i s  t h e  r a d i u s  o f  t h e  G a u s s i a n  b e a m .  T h e  d i f f e r e n c e  i s
p r o b a b l y  d u e  t o  t h e  d i f f e r e n t  b e a m  i n t e n s i t y  d i s t r i b u t i o n s  a s s u m e d .
4 6
f r o m  t h e  f a c t  t h a t  t h e  t o t a l  s p e c t r a l  w i d t h  i s  t h e  r o o t  o f  t h e  s u m  
o f  t h e  s q u a r e s  o f  t h e  i n d i v i d u a l  w i d t h s .  T h i s  f u n c t i o n  i s  p l o t t e d  
t o g e t h e r  w i t h  e x p e r i m e n t a l  r e s u l t s  i n  F i g .  2 6 .
3 . 5 . 3 . 2 .  R o t a t i o n a l  V e l o c i t y  B r o a d e n i n g '  :
I f  t h e  t a r g e t  r o t a t e s  a t  a n  a n g u l a r  f r e q u e n c y  w a b o u t  t h e
s p o t  c e n t r e ,  t h e n  t h e  p o i n t  s o u r c e s  o f  l i g h t  a t  . s o m e  d i s t a n c e  x  f r o m  
t h e  a x i s  w i l l  b e  m o v i n g  a t  a  v e l o c i t y  x  w . T h e s e  s o u r c e s  s u f f e r  
a  D o p p l e r  s h i f t  o f  m a g n i t u d e
f  "  2 w, x  /  \ .
a )  T r a n s m i t t e r  B r o a d e n i n g  :
T h e  i n t e n s i t y  d i s t r i b u t i o n  a t  t h e  f o c u s  o f  a u n i f o r m l y  
i l l u m i n a t e d  l e n s  i s  o f  t h e  f o r m  ( 3 5 )
2
11
2 F t  T  (  k  ° t / f t  7 x Z +  y Z )  T
0
T h e  n o r m a l i z e d  s p e c t r u m  o f  t h e  l i g h t  s c a t t e r e d  b e c o m e s  :
P ( f ) -  f f  J  I  s p  d y
— oo
w h e n  t h e  a x i s  o f  r o t a t i o n  i s  t h e  y  a x i s .  T h e  e f f e c t i v e  w i d t h  
o f  t h i s  s p e c t r u m  i s  f o u n d  t o  b e  ( s e e  A p p e n d i x  3 : e q n .  A . 3 . 1 . )
f  » 1:3m  3 .5 .7
RT f r T
H a v i n g  s u b s t i t u t e d  f o r  F y / D y  i t  m u s t  b e  s t r e s s e d  t h a t  t h i s  o n l y  
a p p l i e s  w h e n  t h e  t a r g e t  i s  a t  t h e  f o c u s  o f  t h e  b e a m .  A  c o m p l e t e l y  
g e n e r a l  s o l u t i o n  w o u l d  d e p e n d  o n  t h e  p o s i t i o n  o f  t h e  t a r g e t .
T h i s  r e s u l t  i s  s i m i l a r  t o  t h e  s i m p l i f i e d  a n d  a p p r o x i m a t e  s o l u t i o n s  
u s e d  b y  T e i c h  ^  a n d  K u T c z y k   ^ * 7 .
4 7 .
b )  R e c e i v e r  B r o a d e n i n g  :
A s  i n  t h e  c a s e  o f  t r a n s v e r s e  m o v e m e n t  o f  t h e  t a r g e t ,  t h e  
r e c e i v e r  c o n t r i b u t e s  b r o a d e n i n g  o f  a n  i d e n t i c a l  n a t u r e .  T h e  s p o t  
i s  i n  t h i s  c a s e  a  v i r t u a l  o n e ,  f r o m  w h i c h  t h e  l o c a l  o s c i l l a t o r  
a p p e a r s  t o  o r i g i n a t e .  T h u s
f  R =  1 - 9  . 2  w 3 . 5 . 8RK UR (f> R
C o m b i n i n g  t h e  r e c e i v e r  a n d  t r a n s m i t t e r  b r o a d e n i n g  i s  a n a l y t i c a l l y
m o r e  i n v o l v e d  t h a n  f o r  t h e  t r a n s v e r s e  c a s e .  T o  o v e r c o m e  t h i s ,
i t  i s  s u f f i c i e n t  t o  c o n s i d e r  t h e  r e s u l t s  o f  e q u a t i o n s  3 . 5 . 7 .  a n d
3 . 5 . 8 , a s  t h e  a s y m t o t e s  o f  a  c u r v e ,  s h o w i n g  t h e  s p e c t r a l  w i d t h  
<
f R v e r s u s  <|>y s a y  f o r  a  p a r t i c u l a r  v a l u e  o f  $  R . T h i s  i s  t h e  
t e c h n i q u e  u s e d  i n  t h e  r e s u l t s  s e c t i o n  f o r  t h e  c a s e  o f  a n g u l a r  
r o ta t io  n (see Fig. 27),
Summa r y
B o r  a  p a r t i c u l a r  r a d a r  p r o b l e m  t h e  o p t i m u m  s y s t e m  o f  o p t i c s  
c a n  b e  d e t e r m i n e d  b y  c o n s i d e r a t i o n  o f  t h e  r e s o l u t i o n  o f  t h e  
i n s t r u m e n t ,  i h e  S / N  o f  t h e  i . f .  s i g n a l ,  w h i c h  d e p e n d s  o n  t h e
I h e  o p t i c a l  s i g n a l  l e v e l  I ,  w i l l  s e t  o n e  r e s o l u t i o n  l e v e l .
dl*
A I  t e r n a t i  v e i y . t h e  s p e c t r a l  b r o a d e n i n g  d u e  t o  t a r g e t  m o t i o n  
m u s t  s e t  s o m e  o t h e r  l i m i t .  H o w e v e r ,  t o  a d j u s t  o n e  l i m i t ,  w i l l  
a f f e c t  t h e  o t h e r  i n  s o m e  w a v . .
T h e  s p e c t r a l  b r o a d e n i n g  m u s t  b e  b a l a n c e d  b e t w e e n  t h e  
t r a n s v e r s e  b r o a d e n i n g  a n d  t h e  r o t a t i o n a l  b r o a d e n i n g  b y  a l t e r i n g  
<j>y a n d  (j> R . B u t  c h a n g i n g  b o t h  o f  t h e s e  w i l l  i n e v i t a b l y  r e s u l t  
i n  a  c h a n g e  i n  b o t h  3 a n d  y  s t h u s  a l t e r i n g  I .  B y  u s i n g  
c o m p u t a t i o n a l  t e c h n i q u e s ,  t h e  s y s t e m  d e s i g n  c a n  b e  o p t i m i s e d  
q u i t e  q u i c k l y  f r o m  a  g e n e r a l  e q u a t i o n  f o r  t h e  m i n i m u m  m e a s u r a b l e  
f r e q u e n c y .  O t h e r  f a c t o r s  m a y  a f f e c t  t h e  c h o i c e  o f  t h e  o p t i c a l  
s y s t e m ,  i . e .  d e p t h  o f  f o c u s ,  a r e a  o f  t a r g e t ,  a n d  t h e s e  c o u l d  b e  
i n c o r p o r a t e d  i n t o  t h e  g e n e r a l  e q u a t i o n  ( a t  t h e  e x p e n s e  o f  
s 1 rnp 1 i  c  i  t y , t h  0u g h ) .
3 . 6 .  COHERENCE A N D P O L A R I Z A T I ON L O S SES
I n  a  p r a c t i c a l  d o p p l e r  s y s t e m  a d d i t i o n a l  c o h e r e n c e  l o s s e s  
w i l l  r e d u c e  t h e  s i g n a l  a t  t h e  p h o t o - d e t e c t o r .  T h e s e  c a n  b e  
a t t r i b u t e d  t o  :
a )  T u r b u l e n c e  l o s s  y  y
T h i s  r e s u l t s  f r o m  p h a s e  d i s t o r t i o n  o f  t h e  w a v e f r o n t  b y  
r e f r a c t i v e  i n d e x  c h a n g e s  i n  t h e  m e d i u m .
b )  P a t h  d i f f e r e n c e  l o s s  y  R
A s  t h e  l a s e r  o u t p u t  c o n s i s t s  o f  m a n y  l o n g i t u d i n a l  m o d e s  
s e p a r a t e d  i n  f r e q u e n c y  b y  C / 2 L H z .  ( L  i s  t h e  l e n g t h  o f  t h e  l a s e r  
c  t h e  v e l o c i t y  o f  l i g h t ) ,  s p a t i a l  b e a t s  e x i s t  i n  t h e  b e a m .  F o r  
h i g h  m i x i n g  e f f i c i e n c y  t h e  p a t h  d i f f e r e n c e  m u s t  b e  s u c h  t h a t  t h e
t w o  b e a m s  i n t e r e f e r e  a t  a n  a n t i  n o d e  o f  t h e  b e a t  e n v e l o p e .  T h e  
p a t h  d i f f e r e n c e  m u s t  b e  i n t e g e r  m u l t i p l e s  o f  2 L  T h i s  p r o b l e m  
i s  f u 1 1 y  d i  s c u s s e d  b y  F o r e m a n  ( ) .
I n  t h i s  r e s e a r c h  b o t h  e f f e c t s  a r e  r e d u c e d  t o  a m i n i m u m ,  b y  
k e e p i n g  t e m p e r a t u r e  v a r i a t i o n s  t o  a  m i n i m u m  a n d  c a r e f u l y  a d j u s t i n g  
t h e  p a t h  l e n g t h s  t o  b e  e q u a l .
D e p o l a r i z a t i o n  o f  t h e  b e a m  c a n  b e  a c c o u n t e d  f o r  b y  a  l o s s  
f a c t o r  y  . T h e  d e t a i l s  o f  t h e  d e p o l a r i z a t i o n  o f  m a n y  d i f f e r e n t  
s u r f a c e  m a t e r i a l s  c a n  b e  f o u n d . i n  r e f e r e n c e s ( 3 7 ,  1 4 ,  1 5 , 3 6 ) . A 
p o l a r i s i n g  b e a m - s p l i t t e r  h a s  b e e n  u s e d  f o r  a l l  b a c k - s c a t t e r  
m e a s u r e m e n t s 3 s o  t h a t  t h e  d e p o l a r i z e d  c o m p o n e n t  d o e s  n o t  r e a c h  
t h e  d e t e c t o r .
S u m m a r y
T h i s  C h a p t e r  i n t r o d u c e s  m o s t  o f  t h e  i m p o r t a n t  p a r a m e t e r s  a n d  
d e s i g n  e q u a t i o n s  a p p l i c a b l e  t o  t h e  r e s e a r c h  c o v e r e d  b y  t h i s  t h e s i s .  
T h e  t w o  l o s s  f a c t o r s  3 a n d  y  h a v e  b e e n  d e f i n e d  a n d  e q u a t i o n s  
p r e s e n t e d  i n d i c a t i n g  h o w  t h e y  c a n  b e  m e a s u r e d .  D e t e r m i n i n g  t h e s e  
t w o  f a c t o r s  e x p e r i m e n t a l l y  p r o v i d e s  t h e  n e c e s s a r y  d a t a  t o  p r e d i c t  
t h e  e x p e c t e d  s i g n a l  f o r  a  c o h e r e n t  r e c e i v e r  s y s t e m .  T h e o r e t i c a l  
p r e d i c t i o n s  h a v e  b e e n  p r e s e n t e d  f o r  1 / 3  a n d  1 / y  a n d  t h e  r  m s 
n o i s e  i n  t h e  s i g n a l .  . T h e  m e a s u r e m e n t  o f  1 / y  m a y  b e  a f f e c t e d  b y  
t h e  D o p p l e r  b r o a d e n i n g  b e a t s  i n  t h e  s i g n a l ,  b u t  t h e s e  b e a t s  a l s o  
p r o v i d e  a  m e a n s  o f  m e a s u r i n g  t h e  s p e c t r a l  w i d t h ,  u s i n g  a n  e n v e l o p e  
d e t e c t i  o n  t e c h n i q u e .
W h e n  c o n s i d e r i n g  a  s p e c i f i c  s y s t e m ,  i t  w a s  s h o w n  t h a t  t h e  
S / N  o f  t h e  s i g n a l  c u r r e n t  a n d  t h e  s p e c t r a l  b r o a d e n i n g  o f  t h e D o p p l e  
s i g n a l  s e t  a  l o w e r  l i m i t  o n  t h e  m i n i m u m  m e a s u r a b l e  f r e q u e n c y ,  a n d
i t  i s  t h e  d e t e r m i n a t i o n  o f  t h i s  l o w e r  l i m i t  t h a t  p r o v i d e s  a 
p e r f o r m a n c e  p r e d i c t i o n  o f  t h e  s y s t e m .
T h e  m e a s u r e m e n t  o f  t h e  p a r a m e t e r s  i n t r o d u c e d  i n  t h i s  
c h a p t e r  i s  o f  p r i m e  i m p o r t a n c e ,  f o r  t h e  s c i e n t i f i c  d e s i g n  o f  
a n y  s y s t e m  t o  h e  p o s s i b l e .  T h e  f o l l o w i n g  c h a p t e r s  d e s c r i b e  
h o w  t h e s e  m e a s u r e m e n t s  w e r e  p e r f o r m e d .
51
C H A F T E R  4
4 . 0 .  E X P E R I M E N T A L  D E S I G N  AN D ME A SU RE ME N T PROCEDURES
4 . 1 .  I N T R O D U C T I O N
J n  C h a p t e r s  2  a n d  3 t h e  p a r a m e t e r s ,  i m p o r t a n t  t o  t h i s  s t u d y ,  
h a v e  b e e n  d e f i n e d  a n d  d i s c u s s e d  i n  t h e i r  t h e o r e t i c a l  c o n t e x t .
L i s t e d  b e l o w  a r e  e a c h  o f  t h e  v a r i a b l e s ,  t o g e t h e r  w i t h  t h e i r  d e s i g n  
r e q u i r e m e n t s  :
a )  p , t h e  s c a t t e r i n g  l o s s  f a c t o r
b )  y s t h e  d e t e c t o r  c o h e r e n c e  l o s s  f a c t o r .
3 w a s  m e a s u r e d  f o r  m a n y  t r a n s m i t t e r  r e c e i v e r  c o n f i g u r a t i o n s ,  b u t  
Y w a s  o n l y  r e c o r d e d  f o r  b a c k - s c a t t e r  g e o m e t r y .
T h e  m a j o r i t y  o f  t h e  m e a s u r e m e n t s  o f  1 /  y  a n d  1 /  3 w e r e  
p e r f o r m e d  i n d e p e n d e n t l y ,  b u t  t h e  s y s t e m  w a s  d e s i g n e d  w i t h  e n o u g h  
f l e x i b i l i t y  s o  t h a t  b o t h  f u n c t i o n s  c o u l d  b e  m e a s u r e d  a t  t h e  s a m e  t i m e
c )  e n s e m b l e  a v e r a g i n g  w a s  p e r f o r m e d  b y  m o v i n g  t h e  t a r g e t  a t  a  
c o n s t a n t  v e l o c i t y  a c r o s s  t h e  b e a m .  T h e  s a m e  s y s t e m  p r o v i d e s  
r e s u l t s  f o r  t r a n s v e r s e  s p e c t r a  m e a s u r e m e n t s .
d )  T o  o b t a i n  b a c k - s c a t t e r  r e c o r d s ,  t h e  t a r g e t  w a s  r o t a t e d  a t  
a  s l o w  c o n s t a n t  s p e e d .  R o t a t i o n a l  s p e c t r a  w e r e  r e c o r d e d ,  u s i n g  
t h e  s a m e  s y s t e m .
e )  T h e  r e c e i v e r ,  m o u n t e d  o n  a  p i v o t e d  a r m ,  w a s  f r e e  t o  r o t a t e  
a b o u t  t h e  s p o t  a t  t h e  t a r g e t  f o r  i n c o h e r e n t  s c a t t e r  m e a s u r e m e n t s .
f )  T h e  t r a n s m i t t e r  /  r e c e i v e r  f o c a l  l e n g t h s  a n d  a p e r t u r e s  c o u l d  
b e  a l t e r e d  s i m p l y ,  w i t h o u t  r e c o u r s e  t o  a n  i n v o l v e d  r e - a l i g n m e n t  
p r o c e d u r e
g )  T h e  s y s t e m  w a s  s t a b l e  e n o u g h  f o r  a  m e a s u r e m e n t  s e q u e n c e  
t o  b e  p e r f o r m e d  a u t o m a t i c a l l y  f o r  p e r i o d s  u p  t o  10 m i n u t e s .
4 . 2 .  I N T E R FE R OME TER
T h e  i n t e r f e r o m e t e r  c o n s t r u c t e d  p r o v i d e d  t h e s e  f a c i l i t i e s  
w i t h  a  m i n i m u m  a m o u n t  o f  r e - a l i g n m e n t  a n d  s e t t i n g  u p  a f t e r  e a c h  
c h a n g e  o f  c o n f i g u r a t i o n .  A  v i e w  o f  t h e  o p t i c a l  s y s t e m  a n d  t h e  
a s s o c i a t e d  e l e c t r o n i c s  i s  s h o w n  i n  F i g ,  6 . A b l o c k  d i a g r a m  o f  
t h e  i n t e r f e r o m e t e r  i s  s h o w n  i n  F i g .  7 .
o
A  S p e c t r a  P h y s i c s  1 2 4  A  l a s e r  o p e r a t i n g  a t  6 3 2 8  A  p r o d u c i n g  
1 5  mk! o f  p o w e r ,  w a s  t h e  s o u r c e  o f  l i g h t .  T h e  l e n g t h  o f  t h e  l a s e r  
( 8 0  c  m)  w a s  s u c h  t h a t  i t  p r o d u c e s  a p p r o x i m a t e l y  7 l o n g i t u d i n a l  
m o d e s .  I t  w a s  r i g i d l y  m o u n t e d  t o  a  l a r g e  s t e e l  t a b l e  b y  1 | "  d i a m e t e r  
1 d u r a 1 ' r o d s ,  f i x e d  t o  m a g n e t i c  c l a m p s .  T h e  l a t t e r  w e r e  u s e d  
f r e q u e n t l y  t o  f a c i l i t a t e  t h e  e a s y  p o s i t i o n i n g  o f  c o m p o n e n t s  a n y w h e r e  
o n  t h e  t a b l e ,  a n d  t o  p r o v i d e  a  f i r m  c l a m p  t o  r e d u c e  v i b r a t i o n .
4 . 2 , 1 .  A t t e n u a t o r a n d  T e l e s c o p e
T h e  b e a m  f i r s t  p a s s e d  t h r o u g h  a  c o m p e n s a t e d  a d j u s t a b l e  w e d g e  
f i l t e r ,  w h o s e  a t t e n u a t i o n  c h a r a c t e r i s t i c  i s  s h o w n  i n  F i g .  8a .  
A t t e n u a t i o n  o f  t h e  b e a m  w a s  r e q u i r e d  w h e n  t h e  l a r g e r  r e c e i v e r  
a p e r t u r e s  w e r e  u s e d .  T h e  f i l t e r  w a s  n o t  c o m p l e t e l y  h o m o g e n e o u s  
a n d  c a u s e d  s o m e  d i s t o r t i o n  o f  t h e  b e a m ,  b u t  b y  s i t u a t i n g  i t  b e f o r e  
t h e  t e l e s c o p e  a n d  s p a t i a l  f i l t e r . ,  t h e  d e f e c t s  w e r e  r e m o v e d  a n d  a  
c l e a n  u n i f o r m  b e a m  w a s  o b t a i n e d  f o r  a l l  s e t t i n g s  o f  t h e  a t t e n u a t o r .
T h e  t e l e s c o p e  c o n s i s t s  o f  a  2  c  m e y e p i e c e  f o c u s i n g  t h e  
l i g h t  t h r o u g h  a 5 0 y  p i n h o l e .  B o t h  c o m p o n e n t s  w e r e  a d j u s t a b l e  i n
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a ) F u l l  v i e w  o f  o p t i c a l  a p p a r a t u s  w i t h  t h e  b e a m  p a t h  i l l u m i n a t e d
b) Instrumentation showing Data logger on the right
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F i g . 8 . E Q U I P M E N T  C A L I B R A T I O N  CURVES
a )  N e u t r a l  d e n s i t y  a t t e n u a t o r
b )  D e t e c t o r  /  l o g  a m p l i f i e r  c o m b i n a t i o n
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v e r t i c a l  a n d  h o r i z o n t a l  p l a n e s ,  a n d  t h e  e y e p i e c e  c o u l d  a l s o  b e  
m o v e d  a l o n g  t h e  b e a m  a x i s .  T h i s  c o m b i n a t i o n  p r o v i d e d  f o r  b e a m  
a l i g n m e n t  o n t o  t h e  a p e r t u r e  a t  t h e  o b j e c t i v e  o f  t h e  t e l e s c o p e .
A  m a x i m u m  b e a m  r a d i u s  o f  4  m m w a s  u s e d ,  a n d  a t  t h i s  d i s t a n c e  t h e  
i n t e n s i t y  h a d  d r o p p e d  b y  ™ 1 5 %  c o m p a r e d  t o  t h e  c e n t r e .  T h i s  
d r o p  w a s  c o n s i d e r e d  t o l e r a b l e  a s  t h e  o n l y  a l t e r n a t i v e  w a s  t o  
e x p a n d  t h e  b e a m  s t i l l  f u r t h e r ,  t h u s  l o s i n g  p o w e r .  A  t h i c k  
a l u m i n i u m - c o a t e d  g l a s s  b e a m  s p l i t t e r  B 1 s e p a r a t e d  t h e  s i g n a l  
a n d  l o c a l  o s c i l l a t o r  b e a m s  a t  t h e  o u t p u t  o f  t h e  t e l e s c o p e .  T h e s e  
c o m p o n e n t s  w e r e  a l l  m o u n t e d  o n  a h e a v y  o p t i c a l  b e n c h  s i t u a t e d  o n  
t h e  s t e e l  t a b l e .
4 . 2 . 2 .  S i  g n a l  B e a m  j i n d  P o l  a r i z i n g  B e a m S p l i t t e r
T h e  s i g n a l  b e a m  w a s  a c c u r a t e l y  a l i g n e d  o v e r  a  1 m e t r e  
o p t i c a l  b e n c h , s o  t h a t  c o m p o n e n t s  l o c a t e d  o n  t h i s  b e n c h  w e r e  a l w a y s  
c e n t r e d  o n  t h e  b e a m .  T h e  l e n g t h  a l l o w e d  f o r  l e n s e s  o f  f o c a l  l e n g t h  
f r o m  1 5  c  rn t o  1 0 0  c  m t o  b e  u s e d  f o r  t h e  t r a n s m i t t e r .  U s i n g  t h i s  
a r r a n g e m e n t  a l i g n m e n t ,  a f t e r  a  c h a n g e  o f  l e n s ,  w a s  a c h i e v e d  i n  a 
v e r y  s h o r t  t i m e .  T h e  t r a n s m i t t e r  a p e r t u r e  l i m i t e d  t h e  b e a m  t o  
t h e  r e q u i r e d  s i z e .
T h e  f o c u s e d  b e a m  t h e n  p a s s e d  t h r o u g h  a  ^  p l a t e . ,  p o l a r i z i n g  
b e a m - s p l i t t e r  a n d  p l a t e  o n t o  t h e  t a r g e t .  T h e  p l a t e  w a s  
r o t a t e d  s o  a s  t o  p r o v i d e  100% t r a n s m i s s i o n  a t  t h e  p o l a r i z i n g  p r i s m .  
T h e  /j p l a t e  r o t a t e d  t h e  p o l a r i z a t i o n  v e c t o r  o f  t h e  s c a t t e r e d  
l i g h t  9 0 °  s o  t h a t  1 0 0 %  r e f l e c t i o n  o c c u r s  a t  t h e  p r i s m .  T h e  t a b l e  
b e l o w  c o m p a r e s  t h e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  o f  t h e  c o n v e n t i o n a l  
m e t a l  f i l m  b e a m s p l i t t e r  a n d  t h e  p o l a r i z i n g  b e a m s p l i t t e r  :
5 7 .
P o l a r i z i n g M e t a l  F i l m
1 ) p o w e r  t r a n s f e r h i g h 1 ow
2 ) - r e m o v e s  d e p o l a r i  z e d  
c o m p o n e n t y e s n o
3 ) d e f o c u s e s  t h e  b e a m n o y e s
4 ) h i g h  r e t u r n  t o  t h e  l a s e r n o y e s
5 ) s e n s i t i v e  t o  a n g l e y e s n o
o n l y d i s a d v a n t a g e  o f  t h e  p o l a r i z i n g  s p l i t t e r  w a s N o . 5 ,  b u t  t h i s
w a s  f a r  l e s s  n o t i c e a b l e  t h a n ,  s a y  N o . 3 ,  f o r  a  m e t a l  f i l m  s p l i t t e r .  
B e c a u s e  t h e y  m u s t  b e  t h i c k  ( t o  s e p a r a t e  t h e  r e f l e c t i o n s  f r o m  t h e  
f r o n t  a n d  b a c k  f a c e s ) ,  t h e r e  w a s  v e r y  b a d  d e f o c u s i n g  w h e n  s h o r t  f o c a l  
l e n g t h  l e n s e s  w e r e  u s e d , .  T h e  p o l a r i z i n g  p r i s m  m u s t  h a v e  t h e  
a s s o c i a t e d  Xjr, a n d  A j [t p l a t e s ,  t o  a l i g n  t h e  p o l a r i z a t i o n  v e c t o r s 
a n d  f o r  a n  i n e x p e n s i v e  s y s t e m  t h e  c o s t  o f  t h e s e  c o m p o n e n t s  m a y  b e  
p r o h i b ' i  t i  v e .
4 . 2 . 3 .  R e c e i v e r  a n d  L o c a l  O s c i ] l a t o r  B e a m
T h e  l i g h t  s c a t t e r e d  b y  t h e  t a r g e t  w a s  c o l l e c t e d  b y  t h e  r e c e i v e r  
l e n s  a n d  p a s s e d  t o  t h e  p h o t o - m u l t i p l i e r  ( P M T ) ,  t h r o u g h  t h e  r e c e i v e r  
a p e r t u r e .
T h e  l o c a l  o s c i l l a t o r  r e a c h e s  t h e  PMT b y  w a y  o f  a n  a d j u s t a b l e  
m i r r o r ,  M 1, ,  a n d  b e a m - s p l i t t e r ,  B 3 ,  F i g . 9  s h o w s  a  p h o t o g r a p h  o f  t h e  
t r a n s m i t t e r  /  r e c e i v e r  o p t i c s .
T h e  m i r r o r  M 1 w a s  a d j u s t e d  b y  m i c r o m e t e r  s c r e w s  o n  a  3 "  l e v e r  
a n d  w a s  s e n s i t i v e  e n o u g h  f o r  a l i g n i n g  a p e r t u r e s  o f  u p  t o  4  m m d i a m e t e r  
A  p h o t o g r a p h  o f  t h e  m o u n t  i s  s h o w n  i n  F i g .  9 b ,  N o t i c e  t h e  1 | "  
d u r a l u m i n  r o d  t h a t  s u p p o r t s  t h i s  i t e m  s o  a s  t o  o b t a i n  t h e  n e c e s s a r y  
r i g i d i t y  i n  t h e  s t r u c t u r e .
58
A p p a r a t u s  f o r  i s o t r o p i c  s c a t t e r  
m e a s u r e m e n t
L o c a l  o s c i l l a t o r  b e a m  a l i g n m e n t  
j i g
T r a n s m i t t e r / R e c e i v e r  o p t i c s  a n d  s a m p l e  t a b l e  d r i v e
Fig. 9
B e c a u s e  o f  t h e  l o n g  p a t h  l e n g t h s  i n v o l v e d ,  a n d  t h e  h e i g h t  o f  
t h e  b e a m  a b o v e  t h e  t a b l e ,  t h e  s y s t e m  w a s  s u s c e p t i b l e  t o  v i b r a t i o n .  
C a r e f u l  d e s i g n  a n d  c h o i c e  o f  l a y o u t  r e d u c e d  t h i s  t o  a n  a c c e p t a b l e  
m i n i m u m ,  a n d  o n  a  q u i e t  d a y  t h e  v i b r a t i o n s  w e r e  l e s s  t h a n  . 5 p m  i n  
a m p l i t u d e .  T h e  p h o t o g r a p h s  o f  F i g .  1 0  s h o w  t y p i c a l  s h o r t - t e r m  
s i g n a l s .  I n  t h r e e  c a s e s  t h e  v i b r a t i o n s  w e r e  r a n d o m ,  w h i t e  t h e  
f o u r t h  s h o w s  t h e  o u t p u t  w h e n  a n  e n e r g i s e d  m a i n s  t r a n s f o r m e r  w a s  
p l a c e d  o n  t h e  b e n c h .
T h e  p a t h  l e n g t h  o f  e a c h  a r m  o f  t h e  i n t e r f e r o m e t e r  f r o m  B 1 t o  
t h e  d e t e c t o r  w a s  5 9 " ,  a n d  t h e  b e a m  w a s  1 1 a b o v e  t h e  t a b l e  s u r f a c e ,  
y e t  t h e  t w o  b e a m s  r e m a i n e d  c o r r e c t l y  a l i g n e d  t o  w i t h i n  a f e w  s e c o n d s  
o f  a r c  f o r  p e r i o d s  u p  t o  a  w e e k .
4 . 2 . 4 ,  S c a t t e r  M e a s u r e m e n t j f y s t e r n
F o r  t h e  s c a t t e r i n g  m e a s u r e m e n t s ,  t h e  s y s t e m  r e m a i n e d  v e r y  m u c h  
t h e  s a m e ,  o n l y  i n  t h i s  c a s e  t h e  r e c e i v e r  o p t i c s  a n d  t h e  P M I  w e r e  
m o u n t e d  o n  a n  a r m  t h a t  w a s  f r e e  t o  r o t a t e  a b o u t  t h e  s p o t  c e n t r e  a t  
t h e  t a r g e t .  T h e  s y s t e m  i s  s h o w n  i n  F i g ,  9 a ,
4 . 2 . 5 .  T r a n s m i t t e r  a n d  R e c e i v e r  O p t i c a l  C o m p o n e n t s
T a b l e  I  s h o w s  t h e  f u l l  c o m p l e m e n t  o f  r e c e i v e r  /  t r a n s m i t t e r  
f o c a l  l e n g t h s  a n d  a p e r t u r e  d i a m e t e r s .  A p e r t u r e  d i a m e t e r s  w e r e  m e a s u r e d  
o n  a  t r a v e l l i n g  m i c r o s c o p e ,  a n d  t h e  m a n u f a c t u r e r ' s  q u o t a t i o n s  o f  f o c a l  
l e n g t h  w e r e  c h e c k e d ,  u s i n g  t h e  l i g h t  f r o m  t h e  l a s e r .
c ) d)
F i g .  10 .  SIGNALS FROM THE INTERFEROMETER
a )  T a b l e  e x c i t e d  by e n e r g i s e d  mains t r a n s f o r m e r  l o c a t e d  
on i t s  s u r f a c e  ( b , c , d )  random v i b r a t i o n s  o f  t h e  t a b l e  
n e a r  t h e  minimum,maximum, and mid r a n g e  o f  t h e  
i n t e r f e r e n c e  p a t t e r n .  ( V e r t . 0 . 0 5 8 y m / c m .  H o r i z .  2 0 m S / c m . )
TRANSMITTER RECEIVER
Focal
Length (Fy)
Aperture 
Diameter (Dy)
Focal 
Length (FR)
Aperture 
Diameter (DR)
m m m m m m m m
200
1000
1.92
7.96
3.95
160
200
Accuracy
Focal length ± .5 m m
Aperture ± .01 m m
.16
.5
.64
.87
1.00
1.42
1.62
2.00
4.00
TABLE I
Transmitter / Receiver Apertures and Focal Lengths
The early experiments were performed with a 16 c m receiver 
lens, but the later series used a better quality achromat of 20 c m 
focal length. The transmitter lenses were of a high quality, though 
unbloomed. Tests on the transmitter lenses were performed by 
measuring the diffraction limited spot produced by the apertures 
and lenses used in the experiments.
A microscope was focused onto the focal plane of the lens 
in question and a photograph taken of the image. The spot.profile 
was recorded on a microdensitometer and the width of the main lobe, 
or 'airy disc' measured. Calibration was checked by photographing 
a 50 y wire observed by the microscope with the same magnification,
thus eliminating the need to calibrate both the microscope and 
the microdensitometer. Accuracy was set at ±5%, being due to 
diffraction and scatter in the microscope. The measurements 
are recorded together with the theoretical values in Table 2.
Dl A M E T E R
Theoretical Experimental
i 38.6 52.2.
77.2 74.8
154.1 153.5
193.0 175.0
386.0 346.0
772.0 705.0
TABLE 2 •
Diameters of Transmitted Spots 
(Accuracy of Experimental results ±5%)
For the smallest spot,distortion due to the microscope was very 
severe. Another possible cause of error, in this case, could have 
been saturation of the photographic emulsion.
4.2.6. Incoherent Detection
The interferometer described is by definition the arrangement 
for coherent detection. The modifications required to obtain the 
incoherent results for back-scatter are :
(a) insert modulator (shown in Fig. 7) into the signal beam
(b) block off the local oscillator beam.
Tests were carried out to find the best position for the 
modulator. When placed before the polarizing prism, any light scattered 
by the prism and the V 4 plate was detected. The alternative was to
place it between the prism and the target. In this case the 
light scattered from the back of the modulator (when the beam 
was blocked out) was detected, since this was also modulated at 
the same frequency (but in antiphase to the true modulation). 
The latter position was found to be 8db worse than the former 
and this was selected (see Fig.7).
4.3. THE TARGET HOLDER
To satisfy the requirements set out in the introduction (4.1), 
the target holder was designed to be translated across the beam, 
rotated about the beam, and have the facility to accept an arm, 
holding the receiver components, that could be rotated about the 
spot centre. A spring-loaded plate, on the holder, located the 
target surface flush against the holder, so that the surface was 
always situated on the axis of rotation. Surfaces could be changed
rapidly and located accurately, using this technique. The finished
product is shown in Fig. 9a and Fig. 9 c.
4.3.1. Rotation and Translation Drive
A variable speed servo motor drove an adjustable ratio 
reduction gear that could be coupled to either the rotation or 
translation drive. This provided a slow constant speed of traverse ■ 
or rotation that was adjusted to suit the optical configuration, 
and so obtain the optimum signal bandwidth, compatible with the 
highest sample speed possible.
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4.3.2. Rotation of Receiver Optics
The motion that rotated the target was also designed to 
rotate the arm supporting the receiver components. However, 
much trouble was encountered in obtaining a sufficiently free 
bearing for the arm to rotate, but a tight enough joint,so that 
vertical movement of the arm was small. Automation, in this 
instance, had to be abandoned and a tight bearing was built so 
that the slack was small, and manual force used to rotate the 
components. Using the coupling already provided by the drive 
system, a .1% linear potentiometer was coupled to the motion to 
provide an analogue voltage proportional to the angular position 
of the arm. This voltage was used to drive either the X axis 
of an X r Y recorder, or the reference channel (channel 2) of 
the data logger described in Appendix 4.
4.3.3. Modulation of the Coherent Signal
It was shown .in 3.4.2.1. that phase modulation of the
reference beam must be applied to make the signal reach its
maximum and minimum value frequently. A vibrating mirror, using 
a piezo-electric crystal, was used, but when the motor on the 
sample table was energised, sufficient vibration existed in the 
table for this to be discarded.
4.4. ELECTRONICS AND DATA LOGGER
The electronics designed for this study fulfil the require­
ments set out in Chapter 3. They were
(a) peak to peak detection of the a.c.component i.^ of ig
(b) isolation of the slowly varying 'd.c.1 component i
UI/
from i q
ms~4— <D1— O >(d •r-o cn C a>•p*c o <i>c •r— (U•r~ GJror—•JC■P S-sz Q.+J cdo rs ■ *P 0)a» o O •o szE O 4-> i- +-*
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A block diagram of the electronic system is shown in Fig. 11 and 
a photograph of the equipment in Fig. 6. Wherever possible, 
commercial equipment was used, and only the detector,logarithmic 
amplifier and data logger were built specifically for this research. 
Since its commissioning, the data logger has been used on many 
other projects, and copies of it are being built in the Department 
for other research groups.
4.4.1. Description of Overall System
The signal from the photo-multiplier was fed to a Brookdeal 
low noise amplifier via the attenuator V R 1. The bandwidth of 
the amplifier was adjusted to give the maximum S/N ratio. Because 
the Brookdeal amplifier removes the low frequency signals, it had 
to be by-passed when these components of the signal were needed.
The signal then entered a peak to peak detector, and the output of 
this was fed to a logarithmic amplifier and then to channel 1 of 
the data logger. The low frequency component from the detector was 
fed directly to channel 3. The data logger records, on paper tape, 
the voltages present at the inputs 1 and 3. The other equipment 
depicted in the diagram was used for calibration purposes, and will 
be described in a later section.
4.4.2. Detector
The detector circuit was built, using integrated circuits 
(see Fig. 12). Briefly, the circuit operates as follows. The 
signal i ^  was separated from i^Q and by a high pass
filter and the peak to peak of this detected, using two peak d.detectors
(c) some method of recording many samples of the signals
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driven with antiphase voltages. The outputs were summed, using 
a low pass summing amplifier. The signals fflc and were
separated from the signal fflc by low pass filtering. The 
component fflQ was then offset, using a potentiometer and summing 
amplifier; thus the output of this stage was fflc.
The final stage in the circuit was an inverting amplifier 
with a low level voltage offset used to trim the characteristic 
of the logarithmic amplifier to the correct place.
4.4.3. Logarithmic Amplifier
This circuit, shown in Fig. 13, was taken from the S G S 
Handbook (46) and adapted to suit the operating conditions required. 
The circuit operates on the exponential characteristic of the forward 
biased base-emitter junction. This controls the current in the 
feedback loop of an operational amplifier. A matched transistor ffl 
was used to compensate for temperature changes and drift.
The performance of the overall system, i.e. detector and 
logarithmic amplifier, was measured and the results shown in Fig. 8b.
The linearity of the characteristic over 60 db of signal 
depends mainly on the exceptional linearity of the peak detectors.
i
The reasonsfor using a logarithmic amplifier are threefold :
(1) It provides a large unswitched dynamic range (a necessity 
where automatic recording is needed).
(2) When coupled with a digital data recording system such as the 
data logger used here, in which accuracy is limited by 
digitization (thus reducing with signal level), the combination 
provides a system with optimum operational accuracy (provided 
the logarithmic amplifier is stable- and is calibrated 
frequently).
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(3) In a system where the signal is of a random nature, the
safety margins for a large signal can be increased (so there 
*
is no overload) without setting the average signal level in
the inaccurate region of the converter.
To achieve these advantages, a careful check is needed of 
the logarithmic amplifier's characteristic. It was found that after 
setting up and leaving for one hour to stabilize, the drift was 
insignificant over two hours of operation.
4.4.4. Data Logger
A complete description of the data logger can be found in 
Appendix 4; only a brief summary is presented here.
After performing some preliminary experiments, it was found 
that unless some automatic recording system was utilised, the task 
of gathering statistically meaningful data would be enormous. Thus 
an automatic recording system was designed that would provide the 
data ready for easy analysis. The system chosen was based on a paper 
tape punch providing data in a computer compatible form, ready for 
analysing on the University 's I C L 1905 computer. The logger 
converts a voltage (in the range 0-9.99 V) at its input into a 
number from 000 to 999 onto the tape. Variable gain amplifiers 
were provided to allow for a range of signal levels, and conversion 
rates were adjustable. At the time of writing, the system has 
performed some /  ^million conversions (fewpunch operations / 
conversion ), and errors have been very infrequent.
4.5. CALIBRATION PROCEDURES AND MEASUREMENTS
4.5.1. Alignment of the Optical System 
The alignment of the telescope and its associated components
has been described earlier. The alignment of the local oscillator
was very critical, and was checked for every measurement or
experimental run. The position of the target material was not 
critical since the spring arrangement used to hold the samples 
ensured that the front surface was in the correct plane.
4.5.2. Calibration of Electronic Circuits 
After measuring the characteristic of the logarithmic amplifier,
repeated checks were made to make sure that the system operated on 
this characteristic. A small d.c. offset (V R 2 in Fig. 12) was 
provided to adjust the lower operating point. A 2 m V r m s signal
was applied to the input of the detector from the A.F. oscillator
(Fig. 11). The output was then adjusted to -4V, as on the characteristic 
To set the offset potentiometers'in the data logger amplifier, a signal 
of 541 mV r m s was fed into the detector and the data logger offset 
adjusted until 850 was punched on the paper tape. These calibrations 
remained stable through a working day if set after an initial warm-up - 
period.
\
4.5.3. Photo-multiplier Supply Voltage
The supply to the photomultiplier was fixed at 1000 V by using 
a stabilised power supply. This was checked periodically to ensure 
consistent operation. It was found that it was better to work with 
a low tube voltage, therefore keeping the excess noise to a minimum.
A detailed account of the problems and difficulties associated 
with the experimental measurement of scattering loss 3 and detector 
coherence loss y  is considered inappropriate for a work of this 
nature, so only the basic outline will be described here. In essence, 
the method was as follows. The signal current was measured for some 
particular optical arrangement first with a mirror as the target, then 
with the required target material present. The ratio of these two 
quantities gives 1/3 for the incoherent case, and 1 / 3 Y f°r t*16 
coherent system.
A complication arises because a correction for laser fluctuations 
was essential. Recording the local oscillator current for both 
measurements and taking the ratio of the two, provided the correction 
factor (true for coherent and incoherent measurements). The local 
oscillator now served two purposes :
(1) it provided the reference beam for coherent detection;
(2) it provided a simple means of recording the relative laser power.
%
A requirement of the experimental system as specified in section
4.1 (f) and (g) was that modifications of transmitter / receiver 
configurations should be uninvolved. By using the method described 
above, every change of configuration requires a separate measurement 
with a mirror present. Such a technique was clumsy and experimentally 
inconvenient.
To overcome this, a normalization procedure was devised that 
eliminated the need to use the mirror more than once. A theoretical 
description of the two procedures, one for coherent, the other for 
incoherent, can be found in Appendix 5. By using this technique, 
after one setting up procedure involving some twenty or so measurements, 
the only data required for each run was :
4.5.4. Measurements
* (2) Signal voltage (recorded on paper tape).
(3) Transmitter aperture and focal length.
(4) Receiver aperture and focal length.
(5) Gain of the Brookdeal amplifier.
(6) Loss in potentiometer VR1.
Normalization was then performed by a computer program, using the 
above information. The additional information that was recorded 
for particular experiments is now outlined.
4.5.4.1. Incoherent Back-scatter (3) :
(a) Angle of incidence e-j fixed at 0° : no additional data
was required for such a measurement. The computational 
requirements were :
(1) average value of 1/ 3
(2) standard deviation of 1/ 3
These were calculated for a selection of surfaces as the target was 
translated across the beam.
(b) Angle of incidence e-j variable.
In this case the surface was rotated at a constant rate, the aperture 
averaging the speckles. The additional data required was :
(1) starting angle
(2) speed of rotation
(3) the sampling rate
From this data and that listed earlier, the computer calculated and 
drew an angular plot of 1/3 for the particular surface material.
Footnote
' * The voltages produced by the currents iL0 iAC iDC will 
be used from now on.
(1) Local oscillator voltage
4.5.4.2. Incoherent Scatter :
As described earlier (4.3.2), the procedure for this 
experiment was somewhat different to that for back-scatter. When 
the receiver optics were manually rotated, a facility on the data 
logger commanded the logger to record samples at fixed angular 
increments. A simple computational operation generated an angular 
plot of 1/3 versus e2< The experiment was repeated for a range 
of incident angles e -j.
4.5.4.3. Coherent Detection (y 3) :
1/y 3 for coherent detection was recorded in a similar
way to 1/3 for incoherent detection. From the experimental 
results obtained for 1/3, 1/y can be deduced. Again, the average
value and the standard deviation were computed. The signal was 
recorded as the surface moved across the beam.
4.5.4.4. Coherent Detection : Angular Alignment :
Some experiments were performed to check the alignment 
equations shown in section 2.1.4. This was done by coupling the
vertical adjustment micrometer (Fig. 9b) to a moving table, and
recording the signal as the table rotated the micrometer. The data 
recorded was :
(1) speed of rotation
(2) sampling speed of data logger
(3) the starting angle with respect to the peak of the 
signal.
From this data plots of signal power versus angular misalignment were 
obtained. This was performed for various speckle / receiver ratios.
4.5.4.5. Coherent Detection : Transverse Spectra.
To obtain the spectrum of the signal,additional data 
was required as well as that for computing y . The sampling 
frequency was arranged to be above twice the highest frequency 
content of the signal. This was achieved by adjusting the speed 
of traverse and the sampling rate of the data logger. These two 
factors were also recorded so that spectra could be calculated 
either in terms of frequency or in reciprocal displacement (mm ).
To obtain reliable spectra, the sample trace must be long(38).
Traces of 1000 samples were long enough to give a raw spectrum 
accuracy of =06%. By hanning (or time filtering), a more stable 
representation of the spectrum of the random process was obtained.
4.5.4.6. Coherent Detection : Rotational Spectra.
The same considerations apply to the study of rotational 
spectra, but here the angular veloci.ty and the starting angle 
were recorded. Traces of l/y3 versus angle e-j were drawn by 
the computer.
4.5.4.7. Coherent Detection(y) :
It was shown in equation 3.3.6. that 1/ y can be obtained 
independently of 3 by recording PL0’ PDC and j P^c | . A detector 
was constructed that separates these three terms, and hence a separate 
recording of each can be made simultaneously. This could only be 
achieved satisfactorily for certain transmitter / receiver 
configurations. The limitations were set by the minimum direct 
current the converter could detect, and the maximum local oscillator 
aperture that did not overload the P M T or amplifier. The complete
possible range of measurements were made and a program written 
‘to perform the necessary calculations.
4.6. PREPARATION , ROUGHNESS MEASUREMENT AND ANALYSIS 
OF TARGET SAMPLES
The surfaces used in this study originate from two sources :
(a) Metallic surfaces whose roughness was modified by abrading
(b) Unadulterated samples, typical of those expected in doppler 
systems.
The most used specimens were the former as, by measuring their roughness, 
some prediction of scattering performance could be made. The latter 
samples were usually too rough to be measured, and as they were of the 
dielectric type, .* Beckmann's predictions did not apply.
4.6.1. Sample Preparation
A large variety of techniques were tried in an attempt to 
obtain a conducting random rough surface, from sand-blasting glass and 
coating with aluminium or gold, to the simple approach of abrading 
with a fine grain carborundum. The latter technique was, in fact, 
the method chosen to roughen two samples, one of rolled aluminium, and 
the other a mild steel plate. For the aluminium, an attempt was made 
to get an isotropic surface roughness, but the results suggested that 
this was not quite: achieved. The steel was abraded by using parallel 
strokes to obtain a random currugated type of surface. One object 
of the experiment was to discover a way of quickly modifying a surface 
to produce a satisfactory scatter pattern. So the surfaces were 
cleaned, using standard techniques, and'carefully sanded in the 
required fashion. The loose particles were then removed by buffing
1
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F i g .  1 4 .  M I CR O G R A P H S  OF FOUR SURFA CES
a )  A l u m i n i u m  o x i d e .  b )  A l u m i n i u m ,
c )  S c o t c h l i t e .  d )  S t e e l .
( J "  o r  1 . 3  cm = 50 y )
with a fine diamond paste, and then washed again. These two samples 
and the samples of aluminium oxide and scotchlite are shown in Fig.14.
4.6.2. Measurement and Analysis
Measurement of the roughness of the surfaces was performed by 
the kind permission of Rank Precision Industries, on the taly step* with 
an ultra-fine diamond needle. The needle shape is a 65° truncated 
pyramid with a flat point of dimensions 0.12 y m x .lym. The direction 
of traverse is normal to the shorter edge. A typical trace is shown 
in Fig. 15. Table 3 contains a list of the r m s roughness a and 
correlation lengths T obtained from measurement. • The correlation 
lengths in two perpendicular directions for the aluminium are different, 
suggesting that the surface was not quite isotropic. The measurements 
of T and a were used to predict the scatter patterns for the 
surfaces and the results can be found in the next Chapter.
Surface material 
and orientation
G
(2)
T
y m. y ni.
Aluminium ( 11 ) 
Aluminium ( J_) 
• Steel ( J J
.53 ± .11 
.47 ± .043 
.202 ± .008
36.1
16.4
7.75
TABLE 3
Surface Properties of Aluminium and Steel.
Notes : (1) ( I I ) and ( J_ ) indicates that the measurements
were taken parallel and perpendicular to the grain 
direction.
(2) T was measured using the spectral width. The
standard error was then 16%.
Footnote :
* The taly step is an instrument for measuring surface■ 
roughness. A diamond stylus, coupled to a variable' 
inductance, traverses the surface of the sample.
The deflections of the needle cause an imbalance in 
a bridge circuit and generates an e m f,which is 
then recorded. (49)
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Fig. 15. TYPICAL SURFACE PROFILE.
S u r f a c e  m a t e r i a l  : A l u m i n i u m .
A probability density analysis of the surface roughness 
function shows the distribution of the surface heights to be 
asymmetrical about the mean. This could be the result of smoothing 
the surface with the find grinding paste. As the distribution 
was not far from the Gaussian, it was assumed to be valid for the 
Beckmann analysis.
4.6.3. Additional Target Samples
A selection of samples, which represent typical targets 
expected in practice, completed the complement of those -used. They are
(3) A scotchlite sample : a semi-co-operative target material.
(4) Aluminium oxide : a thick layer of white oxide (a dielectric).
(5) Cartridge Paper : one sample plain, another sprayed black.
(6) A selection of other white papers.
(7) Concrete : a sample obtained from a piece of pavingstone.
(8) Aluminium-coated resin with sinusoidal corrugation impressed 
into the surface.
Scotchlite is included as it is frequently used in Doppler systems 
because of its high back-scatter ratio at large angles of incidence.
The Aluminium Oxide represents that class of dielectrics supposed to 
give typical lambertian scatter. Concrete is a material of general 
interest.
The scatter results for these surfaces are presented 
empirically; ho detailed theoretical analysis being presented to 
confirm findings.
Many preliminary measurements of surface roughness, using 
a standard needle, indicated that useful results would only be 
obtained by having an ultra-fine point on the diamond stylus. Such 
a device is expensive and extremely fragile. The stylus used at 
Rank was the best available in the world at the time the measure­
ments were taken, and since its dimensions at the tip were . l y  x . 1 2 y ,  
it cannot resolve the fine scale roughness, which appears to be the 
cause of scatter at large angles. Thus this technique has limited 
applications in the field of optical scatter pattern prediction.
In a practical system, it is also unlikely that the target will be 
small enough or mobile enough to get near a taly step head.
In conclusion, it appears that this approach, though apparently 
an ideal solution, does not come up to expectations. A more 
convenient method of obtaining the scatter pattern must be found.
A possible solution is suggested in the next Chapter. The results 
in the next Chapter also show how selective roughening of the
surface can improve the scatter pattern.
4.7. PROGRAMMING
The programming was performed in I C L Algol, using block 
programming techniques. Each block contains a specific operation, e.g. 
calculation of mean, and was called by a single program statement.
Thus any sequence of operations could be performed by inserting or 
removing a few cards from the main pack.
The operations supplied were :
(a) Plot of data string.
(b) Calculation and plot of probability density histogram
of a data string.
4.6.4. Conclusions on Roughness Measurement
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(c) Calculation of the mean and standard deviation of 
a data string.
(d) Autocorrelation.
(e) Power spectral analysis.
(f) Effective width of data string.
A flow diagram of the full program is presented in Fig. 16. Most of 
the operational calls were optional and different equations are used 
for the different experimental configurations. *
A brief mathematical description of each block of Fig. 16 is 
given below :
(1) The calculation of 1/3 and 1/y 3 was performed using the 
data recorded during the experiments; the equations used are 
presented in Appendix 5. The calculation of 1/y as 
described in 4.5.2.7.was more involved, but still only required 
the addition of 3 extra cards.
(2) Calculation of the mean y^ was as given by B e n d a - . t  and Piersol (38)
1 N
pd I 2 t xd )n = I
where (n) is the data string and N the number of samples.
The standard deviation a ^  was computed using an equation 
of the form
» < ,  -  f t  J i  ( » ,  - « , ( " / ) !
the error due to the bias^) was less than 1% for N greater than 250.
(3) The auto-correlation function A (t ) was computed as given 
in (38 s 33)
N
where C (t) = JL I (x. (n) - w d) (xrf (n + t ) - y d )
n =1
and C(o) = a d^
Details of the blocks numbered 
are given in the text.
Fig. 16. FLOW CHART OF COMPUTER PROGRAM
Each block is a separate entity; therefore 
allowing for any combination of operations.
where t = ts, 2 t . . . .  m tg , t is the sampling
time interval and m is the maximum lag value, 
m was selected as 25 to give an accuracy of ± 16% in the power 
spectrum computed from A ( t ) .
A
(4) The raw power spectrum PD (f) was computed from the 
following equation (33)
,p.4 determines the number of uncorrelated frequency points in
to the raw spectrum. This effectively time-fiIters the data. 
Mathematically the smoothed spectrum P^  (f) is defined as
(5) The effective width feyy of the spectrum is defined as
F  m t s
s
where f = 0, f . 2 f a a . p m fg, and fQ = / 2 p.m.t$,
(f)s and was taken as 2 for all the calculations.
To smooth the spectrum still further, hanning was applied
pd < V  = T  (V - +  + / 2  Pd ( f pm ):'
(6) The probability density histogram was computed by counting 
the number of times the data string x^ fell in a class interval
of width Az. (z = x^ ). The program determined the maximum 
‘and minimum of x n and divided this interval into 34 class 
intervals. 34 is the optimum given by Bendat and Piersol for 
a data string of 1000 samples.
All the programs used here are completely original. This 
ensured that '
(a) their working was understood;
(b) that they were tailor-made to fit in the overall scheme
as described earlier;
(c) that transfer of data from one procedure to another was 
easier (I C L packages require data in non-standard Algol 
format); and
(d) that modifications could be made readily (I C L packages 
cannot be changed).
A plotting program was written to produce graphs of A 4 size,
scaling the data accordingly (see Fig. 15). Hundreds of graphs were
produced this way, but condensed copies appear in this thesis. The 
rest of the results were obtained from computer print out.
Summary
This Chapter contains a description of the experimental system, 
calibrating and setting-up procedures, and measurement routines. Since 
these are in most cases somewhat detailed, only the bare outline was 
presented. The results of surface measurements were presented 
together with the list of surfaces used. Mathematical details of the 
programs used to analyse the experimental data were given and a basic 
flow chart of the program was shown.
The results obtained from the system described, the discussion 
of them and conclusions are presented in the next Chapter.
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5.0. RESULTS
5.1. INTRODUCTION
The results presented in the following text represent something 
in the region of 200,000 individual measurements. In most cases, 
points on a graph have been obtained by averaging, in some way, from 
250 to 1000 samples. Such a large quantity of data could not have 
been obtained without the automation and computation described earlier.
On the other hand, so many measurements have been taken that the results 
should represent a sound estimation of the ensemble of results possible.
The results are presented individually, and the discussion on 
each given. The general discussion follows the presentation of all the 
results and the conclusions which follow complete this Chapter.
5.2. INCOHERENT MEASUREMENTS
5.2.1. 1/ 3 versus Receiver / Speckle Size
Fig. 17 shows plots of 1/ 3 versus receiver angle, <j>R, for various !
speckle angles, $s, (note: for a focused spot cj>y = and spot size !
d y  a l / f y ) .  The plots represent 1/3 for aluminium at back-scatter j
normal incidence and the theoretical results, for the same configuration, 
using the roughness and correlation length obtained for the aluminium 
surface. Since there were two roughness scales recorded, both are 
included on the graph. This experiment verifies the form of eqn. 3.2.2. 
versus (|>R and the equation is accurate in predicting the absolute
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at backscatter normal incidence.
a) Aluminium . Experimental 
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value of 1/3 (assuming the surface is isotropic). The results 
prove that for the range of apertures used the value of 1/3 is 
independent of the speckle size or spot size.
Similar results were obtained for other surfaces, and from 
these a table of 1/3 for a particular value of frR ,is presented 
below.
Target Material 1/6 at Backscatter
Aluminium (1) 4.24 TO"4 ± 1.5 10-4
Steel (2) .98 lCf3 i .19 10'3
Scotch!ite (3) 1.25 TO-3 i .12 10"3
Aluminium oxide (4) 8.2 l(f6 ± .1 10"6
White paper (5) 6.09 10'6 ± .23 10-6
Concrete (7) 2.58 10-6 i .11 10~6
TABLE 4
Back-scatter Coefficients of various Materials at 
normal incidence (frR = .00625 radians)
It is interesting to note that the isotropic surfaces (paper, 
scotch!ite) have a low spread in the value of 1/ 3 . Concrete appears 
to be the worst surface of the group.
5.2.2. Ensemble Averaging and Spatial Averaging
An ensemble average of 1/3 was recorded at various angles 
of incidence (back-scatter) for the aluminium surface and the aluminium 
oxide surface. This was performed using a spot of 193 y . A continuous 
plot of 1/ 3 versus e-j for back-scatter, using a large aperature, 
thus performing spatial averaging, was recorded for both surfaces.
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Angle of incidence e ^ degrees
Fig. 18. BACKSCATTER RESULTS 9 SPATIAL AND ENSEMBLE AVERAGING
a) Aluminium b) Aluminium Oxide
c & d) Beckmann's Result for Aluminium
The results are presented in Fig. 18. Also shown are the theoretical 
results for aluminium, using the Beckmann equation. The agreement 
is quite satisfactory for e-j less than 10°.
5.2.3. Back-scatter 1/ 3 versus angle of incidence
Having shown that spatial averaging and ensemble averaging 
produce identical results, plots of 1/3 can be made using the former 
technique. The results for a few surfaces are shown in Fig. 19. The 
receiver angle was .0125 radians.
Graph (d) represents the result for a turbine blade that was 
available at the time of the measurements. It is interesting that 
the scatter does not decrease to an insignificant value. This agrees 
with visual observation of the blade that showed it to be of a smooth, 
but matt, finish (i.e. very small scale roughness present). In (a) and
(b) the scatter from steel is depicted. In (a) the corrugations are 
parallel to the plane of incidence, while at (b) they are perpendicular. 
The difference is significant and important, since by abrading the 
surface in this way, an improved scattering performance can be achieved 
in one plane only.
The result for Scothlite (c), is as expected, showing a high 
scattering coefficient at large angles of back-scatter incidence. The 
small peak at 0-j = 0° is due to the small specular component from 
the smooth surface.
The results for aluminium oxide (e), white paper (f), black 
paper (h), and concrete (g), are all very similar. The blackening of 
the paper has the expected result, but the change in shape is 
interesting. ’ The concrete again appears as a poor loser, although
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Fig. 19. BACKSCATTER PLOTS OF VARIOUS SURFACES. 
Noise level below -60 db.
its significant attraction is that the back-scatter coefficient 
is virtually independent of angle.
Other plots taken of the different samples of white paper
were, in all but one case, within 1 db of each other. The exception
was a sample with a gloss finish, which had a 5 db peak of width
± 10° in the specular direction. Outside this region the scattering
loss factor 1/3 was virtually the same as all the other paper
samples. Since 1/ 3 for paper is well below the theoretical
Lambertian scatterer, this suggests that there is significant
absorbtion at the surface, this absorbtion being the same for all
0
white papers at 6328 A.
5.2.4. 1/3 for other Angles of Scatter
' The plots in Fig. 20 show the response of 1/3 versus e2 for 
angles of incidence of 10°, 40°, 70°. The receiver angle is .0125 
radians. Only a few of the results are shown as there appeared to 
be nothing of a startling nature in those obtained. The steel surface 
has a notable change in character for e-j = 70°, in the appearance
of a specular component. However, the scattered component does not 
appear to change significantly.
In some early preliminary tests, the sinusoidal surfaces 
were used in an attempt to confirm the results of Beckmann,. These 
were reasonably successful, but in time the resin seemed to become 
pitted, and the fine scale roughness started to overshadow the effect 
of the sine wave. The scatter for one of the coarser sine waves is 
presented in these plots. Comparison with Beckmann's result is 
virtually impossible because of the effect of the fine scale roughness.
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T h e o re t ica l ly  the pattern should cons is t o f a lobe s tru c tu re  
s im i la r  to  the l in e  s tru c tu re  o f  the spectrum o f a ca rr ie r , f requency  
modulated w ith  a sine wave, but the sca tte r  from the p its  and peaks 
completely smooths th is  ou t. (This f in e  scale roughness could not 
be detected on the ta ly  s te p ) . In simple terms, the three peaks 
are a re s u l t  o f  the three la rge s t specular areas. They are the two 
regions around zero in  the sine wave, and the peak and va lle y  o f the 
sine wave. Viewing the sine wave under a microscope showed a 
f la t te n in g  o f the peaks and the v a l le y s ,  hence the centre peak. This 
would not normally e x is t .
5 .2 .5 . R M S  F luc tions  o f  Incoherent Signal
Using the re su lts  o f  section 5 .2 .1 . ,  the mean value 1/  3 and 
the standard dev ia tion  associated w ith  i t ,  a $ , were ca lcu la ted . Also 
a p ro b a b i l i ty  density  histogram was obtained and an attempt made to 
f in d  a f i t  w ith  eqn. 3 .2 .3 . ,w ithout success. The r a t io  o f mean to 
standard dev ia tion  (S /^) was p lo t te d  against the r a t io  <{>R/cj)S. This 
is  shown in  F ig. 21. Again, an attempt was made to f i t  th is  to eqn.3 .2 .4 . 
However, th is  proved to be impossible since the experimental curve only 
increases in  proportion to  / l>R/ f T whereas eqn. 3 . 2 . 4 . is  d i r e c t ]y  
proportional to <}>R/ f | -  in  the l i m i t .  By using a curve f i t t i n g  
technique, the experimental curve was found to  f i t  the equation.
S/N = ' ( 2 . 1 6  $ R/ * S + 1)^ 5 .2 .1 .
to  w ith in  1% ± 7%. The f i t  can be seen in  F ig . 21.
Such a discrepancy can only be explained by assuming the 
basic assumptions, on which the analysis fo r  equations 3 .2 .3 . and .
3 .2 .4 . re s ts ,  do not in  fa c t  describe th is  s i tu a t io n .  These assumptions
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f a i l  because , as th e surface is  moved, the speckles do not 
remain constant. They are in  a s ta te  o f  f lu x  a t a l l  t imes; thus 
the s i tu a t io n  is  fa r  more chaotic  than suggested. The equations 
may apply a t some r a t io  very much la rg e r  than the range invest iga ted  
here.
Angular ro ta t io n  o f  the ta rg e t  may more nearly represent 
the a n a ly t ic  s i tu a t io n ,  but the n o n -s ta t io n a r i ty  o f  the output 
prevents a v a l id  experimental in v e s t ig a t io n  being ca rr ied  out.
5.3. COHERENT MEASUREMENTS
As mentioned e a r l i e r ,  a l l  the coherent measurements were 
performed in the back-scatte r mode, and a l l  but the angular ro ta t io n a l 
spectra resu lts  were obtained a t  normal inc idence. Measurements o f 
1/ y  and 1/y  3 were found to have a large spread o f  values, and 
consis tent re su lts  were d i f f i c u l t  to  ob ta in . By recording many 
re s u l ts ,  some degree o f  r e l i a b i l i t y  was achieved.
5.3 .1 . 1 / y B versus the Ratio o f  Receiver to Speckle Size
To date there has been no th e o re t ica l  d esc r ip t ion  o f the way 
1 / y3 varies w ith  the r a t io  o f  the rece ive r to speckle s ize . Only 
in t u i t i v e  guesses could be made a t what re s u l t  to expect. For these 
reasons many experimental re su lts  were taken fo r  th is  s i tu a t io n ,  in 
the hope th a t they would produce a c le a r  answer to  the problem.
The surfaces used were :
(a) A h igh ly  roughened piece o f  aluminium.
(b) The s p e c ia l ly  prepared aluminium surface.
(c) S co tch ! ite  (3 ).
The range o f frRA>$ ra t io s  used covered a l l  o f  those o f Table I .
As the range o f  ra t io s  fo r  any p a r t ic u la r  speckle size fr were 
l im i te d ,  the resu lts  were normalized to  one value o f  frs .
5 .3 .1 .1 . Normalizing o f  Results fo r  l / y 3  .
I t  was shown in e a r l ie r  re s u lts  th a t  1/3 was independent 
o f  frs , and a square law func tion  o f  frR. I f  the p lo t  o f  l / y 3 
showed any dev ia tion  from th is  c h a ra c te r is t ic ,  then i t  could be 
a t t r ib u te d  to  1 / y  on ly . I t  was suggested e a r l ie r ,  and th is  had 
to be confirmed by experimental re s u l ts ,  th a t  1/y would only depend 
on the r a t io  Assume, fo r  example, th a t 1/y is  o f  the form
1  = 1 
Y j + U r/ ^ ) 2
2
and i t  has been shown th a t  1/3  = K f rR (see e a r l ie r  re s u l ts ) .
Normalizing 1/y to  some f ixe d  fr- is  merely a matter o f s h i f t in g
*frSn
the abscissa value by the fa c to r  where fr is  the normalizing
fr s bq
value. But since the va r iab le  p lo t te d  is  l / y 3 a co rrec t ion  must
now be made fo r  the 1/3  term, and since the value o f  frR has
$ s
changed by the fa c to r  in  normaliz ing 1/y
frs
<f> 2
2 s
1/3 becomes K fr R ( y 11)
For a measurement o f l / y 3 a t values o f  frR and fr the normalized
n H  1 ^s
value is —  x — 11 at  a rece ive r aperture angle o f  fr D . r —^  .
ve -t-si Ri 4 s.,
This normalization does not im p l i c i t l y  r e ly  on the form of. the
function  1/y ; however1, 1/y must only be dependent on the r a t io
fo r  th is  to be v a l id .  Should the normalized values then 
f i t  a s ing le  curve, then th is  dependance can be assumed proven.
The normalized re su lts  are shown in  Figs. 22 and 23. As 
can be seen, many resu lts  were obtained fo r  the special aluminium 
surface (F ig . 22), but there is  a s ig n i f ic a n t  spread in  these 
values o f 1/ y 3 fo r  ra t io s  o f <J>R/ f f l  in  the region 1 to  10.
Included on these curves is  1/3 as p lo t ted  in  Fig. 17.
The d iffe rence between the two curves gives the fa c to r  1/y 
These curves require  some explanation.
Two f a c t o r s  c o u ld  be i d e n t i f i e d  t h a t  
c o u ld  account fo r  the spread o f  the re su lts .  Assuming the 
experimental system was re l ia b le ,  they were :
(a) Poor alignment.
(b) Non-uniform (s ta t io n a ry )  surface.
The f i r s t  va r iab le  was checked by very carefu l adjustment 
o f  the loca l o s c i l la to r  beam before each run. However, there was 
no s ig n i f ic a n t  d if fe rence  in  the re s u lts .  Inves tiga tion  in to  the 
e f fe c t  o f the second va r iab le  fa c to r ,  by using the same area of 
ta rge t fo r  each traverse while  c a re fu l ly  checking the alignment, 
produced resu lts  w ith  a much lower spread (see Fig. 22). Thus i t  
appears th a t the spread in  the re su lts  shown on graphs 22 and 23 
is  due in  some way to the random nature o f the surface. A discussion 
on th is  w i l l  appear la te r .
The break po in t o f the re su lts  in  Figs. 22 and 23 is  in  the 
region o f = 1• Since the re su lts  shown represent many
values o f <j> s which have been normalized mathematically to obtain 
one continuous curve, the dependance o f 1/ y  on f f l / f f l  can be 
accepted as proven. By f i t t i n g  the asymtote o f  l /y 3  versus <f>R/ f f l  fo r
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Fig. 22. NORMALISED PLOT OF 1 /Ya FOR ALUMINIUM 
a) 1s t se r ies . b) 2nd series,
c) repeat o f  b) using same area o f surface.
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The broken l in e  represents the equation o f the form
where 31 is  the value o f 3 a t_ L
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Fig. 23. PLOT OF 1 / Y 3 FOR TWO MATERIALS
a) Aluminium b) S co tch lite
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large values o f the l a t t e r ,  a th e o re t ica l curve o f  1 / Y3 For 
d i f fe re n t  speckle sizes is  obtained. The equation o f  th is  curve is
2 2
1 1 * R *S ,  „ „  -  ------------------ 7—2— — 2 » 5.3.2,
Yf 31 ( 4> r1 ) +
where - V  is  the value o f  1 /3  fo r  rece iver aperture (tDrj  an
31 K
empirical re la t io n sh ip  th a t  f i t s  the resu lts  reasonably w e l l .  .
Fig. 23 shows the equation above p lo t ted  together w ith  the re su lts
obtained using the rough aluminium ta rg e t and s c o tc h l i te .  Eqn. 5 .3 .2 .
does, in  fa c t ,  include 1/y in  the form assumed in  eqn. 5 .3 .1 .
These resu lts  were obtained w ith  the tra n sm it te r  in  focus 
and to change the r a t io  o f  f f l / f f l  e i th e r  o f  the apertures Ay or
AR had to be a lte red . An a lte rn a t iv e  method is  to  move the trans­
m it te r  out o f  focus, thereby increasing the spot s ize , or 
decreasing the speckle s ize. The experiment was performed fo r  
many combinations o f  Ay, AR and Fy.  The normalized resu lts  
are presented in Fig. 24.
These resu lts  confirm the statement above th a t the detector 
coherence loss fa c to r  1/ y  is  s o le ly  a function  o f 4>r/4>5 » 
although only fo r  the range o f  spot sizes used in  the experiments.
5 .3 .2 . R M S  Fluctuation about 1/v3.
The re su lts  used to  p lo t  1/yg versus <j>R/<j>s  were also used
to inves t iga te  the R M S  f lu c tu a t io n  o f | pgC| and PAC
2
In section 3 .3 .3 . i t  was mentioned th a t
(a) fo r  the Rayleigh d is t r ib u t io n  : a  = y /1 .9
(b) fo r  the negative exponential d is t r ib u t io n  : 0 = y
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Fig. 24. PLOT OF 1/ y3 AS TRANSMITTER IS MOVED OUT OF FOCUS
Signal Level x 10~5
Fig. 25. PROBABILITY DENSITY DISTRIBUTION OF 1/yB
The ra t io  o f  vi /0 fo r  the d is t r ib u t io n s  (a) and (b) above 
were obtained from experimental re su lts  and p lo tted  against <^7$$
For the d is t r ib u t io n  o f AC the resu lts  were
mean = 1.92 ± .164 x standard dev ia tion .
For the d is t r ib u t io n  o f AC
mean = 1.02 ± .08 x standard dev ia tion .
The ra t io  fo r  s c o tc h l i te  was w ith in  the e r ro r  above fo r  the
2
aluminium surface. A typ ica l d is t r ib u t io n  o f P^c is  presented
in  F ig. 25. When f i t t e d  to a negative exponential such th a t the 
1 2±  po in t equals the mean value i t  has = 11 w ith  30 degrees 
o f  freedom, g iv ing a leve l o f  s ign if icance  o f .995.
Having shown th a t the p ro b a b i l i ty  density o f AC is negative
exponentia l, we can now obtain the cumulative p ro b a b i l i ty  d is t r ib u t io n
Pr  ( Z ) from the re la t io n sh ip  
C Z1
Pc ( z ) - I
where Z = AC
2 (J -  ) 2
V  6 ( y  S )
dZ
T PL0
and
Pq (Z) is  the p ro b a b i l i ty  th a t the signal w i l l  be greater than the
value Z-j . Py . PLQ
.* .  Pr  (Z) a 1 -  e
_  Y 3 _L
5.
This equation is  needed in determining how frequen tly  the signal 
drops below some threshhold level Z.
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A discussion o f  Doppler (broadening was presented in  
section 3 .5 .2 . The equation fo r  the e f fe c t iv e  spectra l width 
was found to be (3 .5 .5 .)
f T = V- L  -97 ( t o 2 + TO2) 1
By d iv id in g  both sides o f the above equation by Vy, the spectral
-1width fy /Vy has un its  o f  (mm ) .  The resu lts  are presented 
in  th is  form. As the spectrum obtained by experiment was only 
h a l f  the f u l l  spectrum, the th e o re t ica l  width is  d ivided by two. 
The theo re t ica l curve is  shown in  Fig. 26 together w ith  the 
experimental resu lts  fo r  aluminium and s c o tc h l i te .  The resu lts  
fo r  aluminium are in e r ro r  by 18.0% ± 10.8%. The s c o tc h l i te  
resu lts  are s l ig h t l y  worse. This dev ia tion  is  to  be expected 
since the technique o f  using the spectrum o f the envelope o f a 
signal to  p red ic t the frequency content o f  the signal is  subject 
to  e rro r .
With th is  in formation the spectra l width o f  the doppler 
signal due to the transverse movement o f the surface can be 
predicted.
The resu lts  used fo r  obta in ing a p lo t  o f 1 / y  6 fo r  an 
ou t-o f- focus spot can also be used in transverse broadening 
experiments. Fig. 26 also includes the spectral width versus frs 
as the tra nsm it te r  was moved out o f  focus. In th is  case the 
change in the spectrum is  in s ig n i f ic a n t .
section.
5 . 3 . 3 .  Transverse Power Spectra
A discuss ion o f  these r e s u l t s  w i l l  be included in a l a t e r
000 L
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Fig. 26. SPECTRAL BROADENING DUE TO TRANSVERSE MOVEMENT 
OF THE TARGET.
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The measurement o f  the ro ta t io n a l spectrum o f  the signal 
poses more problems than the other measurements. There are two 
reasons fo r  th is  :
(a) the no.n s ta t iona ry  nature o f the back-scatter signal
(b) the l im ite d  length o f  trace ava ilab le  ( -180° to 180°).
The resu lts  are presented in F ig. 27 together w ith  the 
two asymtotes ca lculated from equations 3 .5 .6 . and 3 .5 .7 . 
Considering the associated d i f f i c u l t i e s ,  these resu lts  are as 
good as can be expected and prove, though somewhat loose ly , the 
form o f  the spectrum as expressed in  section 3 .5 .2 .2 .
:5..3. 5. Angular Alignment
Fig. 29 shows the resu lts  fo r  some o f the angular alignment 
experiments performed. The broken l in e  is  the re s u lt  fo r  a uniform 
signal f i e ld  ( i . e .  m irro r  a t the ta rg e t ) ;  the remaining l ines 
show a se lection  o f  p lo ts  fo r  the same rece iver aperture but w ith  
a speckle f i e ld .  The alignment re s t r ic t io n s  are more relaxed 
but there are many peaks on which to  a lign  the loca l o s c i l la to r .
Table 5 shows the widths o f the peaks fo r  a l l  the measure­
ments recorded, and compares them to  the th e o re t ica l values.
5 . 3 . 4 .  Rotational Spectra
frR/frS °R Angular Misalignment Target
MaterialExperimental T he o re t ica l^ 1^
mm secs arc secs arc
.1 .16 195U ± 35 1980 Aluminium
.5 2.0 148 ± 20 159 Aluminium
.5 2.0 168 ± 14 159 M irro r ^
1.6 .64 506 ± 98 500 Al umi ni urn
2.9 1.0 640 ± 45 318 Aluminium
5.0 2.0 572 *  32 159 Aluminium
TABLE 5. Angular Misalignment Data
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Fig. 27L SPECTRAL BROADENING DUE TO ROTATION OF THE TARGET.
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Angular ro ta t io n  o f  LO m irro r - .secs, arc
Fig. 28. SIGNAL VERSUS ALIGNMENT
fo r  a) Uniform f i e l d ;  b) & c) Speckle f i e l d .
Notes
(1) Based on equation 2 .1 .7 . presented e a r l ie r  from Warden
(2) With a m ir ro r  a t the ta rg e t a uniform signal f i e ld  is  
generated, and reproduces the conditions under which 
2 .1 .7 . is  tru e .
For < 1 equation 2 .1 .7 . gives s im i la r  re s u lts ,  but fo r
$<r/|s > 1 there is  a s ig n i f ic a n t  discrepancy. This can be 
explained by considering the v i r tu a l  spot a t the ta rg e t produced 
by the local o s c i l la to r .  I f  cf>R > <j>g then the v i r tu a l  spot 
w i l l  be smaller than the tra n sm it te r  spot, and to obtain a mixing 
s ig n a l,  the v i r tu a l  spot can be located anywhere ins ide  the 
transm it te r  spot. Thus the alignment conditions depend on the 
tra nsm it te r  as well as the rece ive r.
5 .3 .6 . 1/y versus <|>R/<j>s *
1/ y  was measured using the e le c tro n ic  c i r c u i t  described 
in  Chapter 4. The resu lts  are tabulated below in  Table 6 .
dr 1 Ds Mean Signal Signal to Noise 1/3
coh
1 / y 3 x 10~4
in  coh 
1/8 x 10“4
coh incoh
%
2.5 1.9 15.0 1.05 2.9 12,5
2.5 2.5 16.0 .9 2.9 15.5
1.8 1.7 6.8 .95 2.4 25.0
1.8 1.9 7.6 .91 2.45 25.0
1.25 1.1 3.0 1,0 1.75 37.00
.625 1.1 2.2 1.0 1.55 50.00 !
.41 0.8 1.1 .99 1 .3 72.00
TABLE 6
Results o f  D irec t Measurement o f  1/ y *
i n .
D i f f i c u l t y  was experienced in  obta in ing a large enough signal 
to overcome the loca l o s c i l la to r  d r i f t ,  so only a re s tr ic te d  
number o f  resu lts  have been recorded. They show a s ig n i f ic a n t  
drop in  1/y  as increases, and again corroborate the
theo re t ica l and experimental resu lts  already presented.
5 . 4 .  DISCUSSION
Some o f the re su lts  described e a r l ie r  require  explanation 
in  the l ig h t  o f  present knowledge o f  the sub ject. This is  
espec ia lly  true o f the coherent detection  re su lts .
5 .4 .1 . Incoherent Measurements
Although the th eo re t ica l equation presented by Beckmann and 
Spizzichino is  accurate w ith in  experimental e rro r  in  describ ing the 
measured resu lts  over a small range o f  angles ( ± 10° ) ,  the l im i ta t io n s  
mentioned e a r l ie r  o f  the surface measuring process r e s t r i c t  the 
p o s s ib i l i t y  o f  obta in ing a more complete model o f the sca tte r ing  
process a t op tica l frequencies. On the other hand, labora tory 
experiments o f the form described in  4.5. and the re su lts  o f  5 .2 . ,  
suggest th a t a fa r  simpler so lu t ion  to  the problem o f determining 1/3 
fo r  any p a r t ic u la r  system is  to perform a measurement in  the labora tory 
or use the re su lts  published in the l i t e r a tu r e  over the past three to 
four years. Such an experiment can be carr ied  out qu ite  simply, and 
i f  need be, the surface could be modified to  obtain what appears to 
be a s a t is fa c to ry  sca tte r  pa tte rn .
5 .4 .1 .1 . Wavelength.
No experiments were performed to inves t iga te  the e f fe c t  
o f wavelength on the value o f 1/3. Theoretical analysis fo r  a 
very rough surface predic ts  th a t the sca tte r ing  p r o f i le  is  independent
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of the wavelength. This is  true fo r  small changes o f  x , but as 
X is  increased to  lengths o f the order o f  10 p m , even a surface 
rough a t ,6 ym may look qu ite  smooth a t the former wavelength.
This w i l l  have the e f fe c t  o f making the ta rg e t more specular 
and hence 1/3  w i l l  decrease qu ite  ra p id ly  out o f  the specular 
d ire c t io n .  An e f fe c t  l ik e  th is  could be an inconvenience, and 
may cancel the advantage the higher powered COg laser provides a t 
th is  wavelength.
There is  the p o s s ib i l i t y ,  w ith  the appearance o f the high 
power argon lase rs , to  operate a t a shorter wavelength. The change 
in  x from .63y  to  -  .4 y  would have an in s ig n i f ic a n t  e f fe c t  on 
1/  3 ; thus the f u l l  po ten tia l o f  the increased power ava ilab le  
may be rea lized in terms o f  an incoherent system.
5 .4 .2 . Coherent Measurements
The resu lts  depicted in Figs. 22, 23, and 24 require some 
explanation. I t  is  abundantly c lea r th a t the re su lts  are not 
cons is ten t, and the a n a ly t ica l function  shown represents a maximum 
value fo r  1/y  3 ra the r than a mean.
Experiments were performed to inves t iga te  the reason fo r  the 
spread in the re s u l ts ,  and i t  appears th a t using the same area o f 
the ta rge t fo r  each traverse o f the surface, does in  fa c t  decrease 
the spread o f l / y 3 .  The wide dev ia tion  in re su lts  suggests they 
may be due to surface anisotropy. However, th is  seems u n like ly  
since the widest divergence coincides w ith the experimental 
condition  o f  a large spot a t the ta rg e t ,  and the surface was 
traversed some 3 - 4 cm to obta in s u f f ic ie n t  uncorrelated measure­
ments o f l / y 3 .
An a lte rn a t ive  explanation is  th a t  the frequency beats due to 
doppler broadening have a greater e f fe c t  on the value o f  1/y  3 
than expected. This may be so since the resu lts  fo r  F ig .22 are 
the average o f 250 samples fo r  each p o in t ,  and those o f  F ig .23 o f 
1000 samples. This fo u r - fo ld  increase would reduce the spread 
introduced by frequency beats.
5 .4 .2 .1 . An Explanation o f the Shape o f the Curve.
A qu ite  simple explanation o f  the re su lts  can be presented 
th a t s a t is f ie s  the measurement o f  l / y 3 and the misalignment re s u lts .  
An in te rp re ta t io n  o f  th is  form may also lead to a development o f  a 
d i f fe re n t  form o f  instrument.
The local o s c i l la to r  beam consists o f  a uniform op tica l 
f i e ld  o f aperture AR. This f i e ld  appears to  o r ig in a te  from a v i r tu a l  
ta rge t spot o f  diameter
Fr x
dR = ——  (see Fig. 29),uR
drand angle o f view <{> R = t r -  .
R
S im ila r ly ,  fo r  the tra n sm it te r  beam
Fy A Dy
dy — 2.44 —q—— and c|> y — p— .
Mixing o f  the local o s c i l la to r  and the signal beam can be considered 
by re fe r r in g  everything to the ta rg e t pos it ion  ra ther than the 
photodetector surface (or rece ive r aperture). There are then 
three conditions to  inves t iga te .
( 1 )  d R > d y
A ll  the transm itted l ig h t  is  enclosed by the v i r tu a l  spot dR ; 
therefore a l l  o f  the signal beam mixes w ith the local o s c i l la to r .
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Fig. 29. TRANSMITTER AND RECEIVER CONFIGURATION
dy transmitter spot. dR virtual receiver spot.
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l i g h t  a c tu a lly  reaches the de tecto r. 1/ y 3 is  proportional to 
2
(cj) R) in  th is  region.
(2) dR = d p
In th is  s i tu a t io n  a l l  the signal mixes w ith  the local 
o s c i l la to r  and the angle <j> R , equal to  <{>y , is  greater than in 
condition ( 1 ) ;  hence the signal is  la rg e r .
(3) dR < d j  .
Under th is  condition  only the l i g h t  tha t coincides w ith  dR
can p a r t ic ip a te  in the mixing; thus as dR is  reduced ( <}> R increasing )
2
the active  area o f  mixing is  d im in ish ing a dR . However, a t the same 
time, <j)R is  increasing a t the same ra te ;  there fore  although the number 
o f  sca tte r ing  centres p a r t ic ip a t in g  in the mixing is  decreasing, the 
angle in to  which the mixed signal sca tte rs  is  increasing a t  the same 
ra te ;  thus in the l im i t  the signal level remains constant.
This argument also lends in s ig h t  in to  the alignment problem, 
since the requirement fo r  good alignment, is  th a t the two spots should 
overlap. Now in (1) and (3) above there is  a margin o f  e r ro r ,  whereas 
in  (2) th is  is  not so. Of course the absolute angular s t a b i l i t y  does 
decrease as (J>r increases, but only fo r  4> R <<fy. Beyond th is  the 
angular s t a b i l i t y  o f the system remains constant. Thus in some 
environments where v ib ra t io n  may a f fe c t  alignment, i t  could be 
advantageous to use a ra t io  of<j)R/<j)y greater than u n ity .
5 .4 .2 ,2 . Spectral Broadening.
The important feature  o f the experiments to measure spectral 
broadening is  th a t they show (F ig .26) th a t  the broadening does not 
depend on the speckle size d i r e c t ly  but on the tra nsm it te r  angular
However, <j> R i s  small and so only a small portion o f  the mixed
Estes et al experienced d i f f i c u l t y  in estab lish ing  th is  
dependance using an out o f  focus spot, probably because they 
used a se lf-bea ting  technique (no loca l o s c i l la to r )  instead o f 
t rue  coherent detection . Out o f focus coherent mixing was not 
investigated in  d e ta i l ,  so no d e f in i te  conclusions can be drawn 
as to  the actual physical mechanism crea ting  such an e f fe c t  or 
the im plications o f the re s u lts .  I t  appears u n l ik e ly  th a t a 
system would operate a t any s ig n i f ic a n t  distance out o f focus 
since the signal level drops so q u ick ly  (Fig. 24) under th is  
cond it ion .
5 .4 .2 .3 . ‘ S co tch lite .
Apart from the obvious d iffe rences in  the backscatter 
(1 / 3  ) re s u lts ,  one o f the most in te re s t in g  resu lts  o f  th is  research 
is  the remarkable s im i la r i t y  o f  re su lts  between sc o tc h l i te  and 
rough aluminium. The only time th a t  there was a s ig n i f ic a n t  
d if fe rence was fo r  the s i tu a t io n  when the spot diameter dy  was 
less than the glass bead diameter (5 0 y ) .  Here the signal was 
noticeably d i f fe r e n t ,  consis t ing  o f high amplitude, but narrow, 
current spikes, separated by an unusually low s igna l. A signal o f
th is  nature would make in to le ra b le  demands on the design o f su itab le
detecting e lec tron ics  and th is  s i tu a t io n  should be avoided i f  a t 
a l l  possible.
For a spot diameter o f 1| times the bean s ize , the signal 
reverted to  the more normal speckle modulated s igna l,  and the 
coherent detection re su lts  fo r  th is  spot diameter and a l l  la rger 
spot sizes were ide n t ica l to those fo r  Aluminium, w ith in  the
experimental e r ro r .  I t  is  th is  s im i la r i t y ,  espec ia lly  in the
aper ture fry thus proving the form o f  equation 3 . 5 . 6 .
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measurement o f  1/  y» th a t helps to  es tab lish  the independence 
o f 1/y  on the property o f the sca tte r ing  m a te r ia l.
5 ,4 .3 . System Design Optimisation
A complete system design cannot be treated here since 
each problem has i t s  own p e c u l ia r i t ie s  and cha rac te r is t ics  and 
a purely general treatment is  too cumbersome to be able to provide 
any meaningful or useful re su lts .  However, a design method is
described th a t provides a secure grounding on which to base an
analysis o f a p a r t ic u la r  problem.
I t  is  assumed th a t the problem is  o f the Doppler system
type, where the aim is  to measure v e lo c i ty  by detecting and •
measuring the frequency o f the Doppler s h i f t .
Errors in  the measurement o f  the frequency ar ise  in two
areas :
(a) Signal to noise r a t io  o f the signal a t the d isc r im ina to r 
(noise is  Johnson or shot).
(b) Spectral broadening due to undesirable v e lo c i ty  components. 
These w i l l  be treated separately fo r  the present.
5 .4 .3 .1 . Signal to  Noise Ratio.
A l l  the information required to p red ic t the signal to 
noise ra t io  has been presented. The most important parameter is  the 
value o f 1/ 3 . I f  the system must operate at a f ixed  angle of 
incidence, then 1/3  must be determined a t tha t angle, otherwise a 
p lo t  o f 1/3  is  made fo r  the sp e c if ic  conditions envisaged fo r  the 
instrument. An a lte rn a t iv e  so lu t ion  is  to use the resu lts  published
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in  the l i t e ra tu re  (13, 14, 30) >.y ' .  although i t  may be necessary to 
convert the re su lts  to the co rrec t form.
An approximate a n a ly t ic  function  fo r  1/3  is  then 
required, so tha t a design equation can be produced which includes 
the geometric parameters (e -|»  8 g> 6 3  )•
Thus, assuming
1 /3  -  f ( 0 - j s  Sg* (}>r )
then from equations 3 .3 .8 , 5 .3 .1 .
2
? m(l -  m)P 4ft, ft9
■ ' ^ 1 * ■ - D M , , / » > + * '  ^   M - ’
where ni/ % is  the beam s p l i t t in g  r a t io ,  and n 5 ft 9 are 
1 (1 -  m)
the power losses in the signal and loca l o s c i l la to r  beams, 
respec t ive ly , and the ta rg e t is  assumed to  be in  the focal plane 
o f  the tra n sm it te r .
From equations 3.4.1 and 3 .4 .3 . the signal power a t  the 
output o f the p h o to -m u lt ip l ie r  is  given by
Wc = K 2 R, <1 P. I 2 > . . . .  5 .4 .2 .b p L Ac
and the S/^ is  given by
S/N = Ws /W n . . . . 5 . 4 . 3 .
where Wn is  the thermal noise and shot noise.
By combining equations 3 .5 .4 , 5 .4 .1 , 5.4.2 and 5 .4 .3 , an equation 
g iv ing the minimum measurable frequency in terms o f the system 
parameters can then be obtained.
1 19 .
I t  was shown in previous chapters th a t broadening 
o f  the doppler signal is  created by transverse and ro ta t io n a l 
ve lo c i t ie s  a t the ta rg e t.  A th e o re t ica l descrip t ion  o f the 
broadening in terms o f the system parameters has been proven 
experimentally and can be used to p red ic t the performance o f 
the system.
5 . 4 , 3 . 2 .  Spectra l  Broadening.
. . . .  5 .4 .4 . 
3.8 in)______
f R = / .  2 . 2  •••• 5 ,4 -S-V^Py + <j>R
The equation 5.4.5 . is  an empirical re la t io n sh ip  tha t f i t s  the 
resu lts  and has asymtotes as shown in  F ig .27. The combined 
spectrum, to a f i r s t  approximation, is  given by
f B = / f R2 + f f  . . . .  5 .4 .6 .
and adopting fg^ as a reasonable c r i te r io n  fo r  the minimum 
detectable frequency s h i f t ,  equations 5 .4 .4 , 5 .4 .5 , 5 .4 .6 . provide 
an expression g iv ing the minimum detectable frequency in  terms 
o f the op tica l system.
5 .4 .3 .3 . System Optim isation.
The overa ll system performance depends on the 
re la t iv e  size o f the two e rro r  producing terms. An ideal system
The broadening due to  a transverse v e lo c i ty  
given by equation 3 .5 .5 .
V-
f T = J -  .97 + * R2
A
and fo r  a -rotational v e lo c i ty  m
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optim isation would re s u l t  in  the two terms (a) and (b) being 
equal. However, in  some s i tu a t io n s  where the transverse or 
ro ta t io n a l v e lo c i t ie s  are h igh, the S/R ra t io  would be so poor 
under th is  condition th a t the system could not in  fa c t  work.
A completely general design equation could be solved on a d ig i ta l  
computer, but the sensible designer could make some s im p li fy in g  
assumptions and g rea t ly  reduce the complexity o f the problem.
Losses due to an 'ou t o f focu£‘ tra n sm it te r  can be 
included by using the re su lts  shown in  Fig. 24. However, as no 
re su lts  were recorded fo r  an 'ou t o f  focus' rece ive r ,  the actual 
loss may be higher i f  the ta rg e t moves some distance from the focus.
In conclusion, the re su lts  o f th is  study a llow the 
designer to produce performance pred ic tions o f a laser doppler 
radar system, but each system requires special treatment to account 
fo r  i t s  own p e c u l ia r i t ie s  and m erits .
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APPENDIX I
SPECKLE SIMULATION PROGRAM
To obtain some in s ig h t  in to  the nature o f the 
va r ia t ions  o f  y  as the rece iver aperture is  increased in s ize , 
so enclosing more speckles, a program was w r it te n  to ca lcu la te  
y  as a function o f Dp/D*.. A one-dimensional speckle f i e ld  is  
created, the shape o f the speckles being a rb i t ra r y ,  and a one­
dimensional aperture o f varying size scanned across i t .  The phase 
o f a speckle is  constant, but can be a r b i t r a r i l y  set w ith  respect 
to i t s  neighbour, y  is  ca lculated as
where the summation is  performed over the rece iver aperture and 
the average taken over the scanning pos it ions .
A copy o f  the program is  shown overlea f.
The format fo r  the inpu t data is  as fo llows
Symbol in  Program Number o f
Data Values
NP Number o f peaks in  speckle f i e ld .  1
DPS Number o f d isc re te  points ins ide
h a l f  speckle. 1
A ( I )  Sample values o f h a l f  speckle
shape (0 -  1). DPS
PKS Peak value o f  1st speckle (0 - 100) 1)
PHS Phase o f 1st speckle 1j ^
(Repeat la s t  two fo r  each speckle 
NP times).
NAP Number o f  aperture values to be used. 1
APM Max. aperture (given as the r a t io  o f
true aperture/speckle s ize)
AP Aperture values (given as number of
d iscre te  points o f speckle f i e ld  
ins ide h a l f  the true aperture)
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Program then p r in ts  out a tab le  o f the instantaneous 
values o f
Real pa rt o f  f i e ld  vector E
Imaginary part o f  f i e ld  vector E 
2
In te n s i ty  (a E )
Coherent signal power P^c 
Incoherent signal power PDc 
1/ y ( r a t i o  PAc/PDc)
Printed a t the foo t o f  the tab le  are the mean values o f these 
quan t it ie s .
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APPENDIX 2
TRANSLATIONAL BROADENING
The doppler broadening introduced by transverse
movement o f  the ta rg e t can be considered to be due to the f i n i t e  
angular spread o f the converging tra n sm it te r  beam or d iverg ing 
scattered beam. Consider an example as shown in Fig. 5a.
A tran sm it te r  po in t A is  focused onto the ta rge t a t C.
A plane through A and C, p a ra l le l  to the v e r t ic a l  OB, makes an 
angle <j>/2 w ith the plane normal to  the v e lo c i ty  vector (plane 
BOC). Thus the doppler s h i f t  o f the l ig h t  from A reaching the 
ta rg e t is
A ll  the other points on the in te rsec t io n  o f the plane A D C  and 
the tra n sm it te r  aperture w i l l  s u f fe r  the same doppler s h i f t  on 
reaching the ta rge t.
Therefore the spectrum P (f)  o f  the l i g h t  a t the ta rge t is  given by
where F (x , y) is  the in te n s i ty  d is t r ib u t io n  over the tra nsm it te r
Fy A f
aperture, and x = —1   ,
v
Assuming $ ff l is  small.
For a uniform ly i l lum ina ted  aperture
v s in  (4»/2 )
A
P (f)  = /  F (x , y) dy
< D
0
where A is  the i n t e n s i t y .
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The spectrum then becomes
Ft  \ f  \2 y_Dt
f « T 1p +)
T
The e f fe c t iv e  width o f  th is  spectrum is
j  2Ft  A
Vt T
f  >
Vy Dy
2T
f
VT Dt  3I I IT
TT Fy A 32
This analysis has been kept simple to  provide a c leare r understanding 
o f  the mechanism involved. Estes e t  a l ^ 5  ^ give a more de ta iled  
analysis fo r  a Gaussian beam p r o f i le .  However, fo r  the uniform 
p ro f i le  considered, a s im i la r  analysis would be unduly involved.
The analysis above describes the e f fe c t  o f  the tra nsm it te r  
on ly , and assumes th a t the rece ive r angular aperture is  much smaller 
than th a t o f  the tra n sm it te r .  For a s i tu a t io n  where the tran sm it te r  
is  a nearly p a ra l le l  beam, and the rece ive r has a large angle o f view, 
then a s im ila r  re s u lt  is  obtained fo r  rece iver broadening. For a 
complete s o lu t io n , invo lv ing  both apertures, a two-dimensional 
convolution o f the apertures must be performed. A simpler approximate 
so lu t ion  is  to  take the roo t o f the sum i f  
..of.the squares o f the two spectra l w idths.
Thus -  vf  - V ^ ) 2 +
describes the spectrum o f the signal fo r  a l l  the conditions o f rece iver 
and tra nsm it te r  aperture.
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APPENDIX 3
ROTATIONAL BROADENING
By reso lv ing the motion o f  a ta rge t in to  three basic 
components, l in e a r  motion in  the d ire c t io n  o f  the beam, l in e a r  
motion normal to  the beam, and ro ta t io n ,  the ro ta t io n a l component 
can be considered to  act about an axis through the centre o f the 
spot a t the ta rg e t.
is  therefore a function  o f  the amount o f l i g h t  in  a p a r t ic u la r  
element o f  the spot, and the distance th is  element is  from the axis 
o f ro ta t io n  (See F ig .30).
F (x , y) and the ro ta t io n a l axis is  the y a x is , then the spectrum 
P ( f )  is  given by
where to is  the ro ta t io n a l v e lo c i ty .
Thus the magnitude o f the component a t a frequency f  is  the sum
from the ax is .
For a un iform ly i l lum ina ted  lens o f  aperture diameter Dy 
the function  is  o f the form :
The doppler broadening due to  the ro ta t io na l component
I f  the spot in te n s i ty  d is t r ib u t io n  is  o f  the form
oo
p( f )
f  Ao f  the components p a ra l le l  to  the y axis a t a distance (
yro ta t io n  w rad/sec. 
about the y axis
F ig .30. ROTATIONAL BROADENING
Rings show the minima o f the spot in te n s i ty  func tion . 
Total power inc iden t on surface element w ith v e lo c i ty  
u..xr j is  given by f f l  ( x , y ) d
-  CO
where I (x , y) is  the spot in te n s i ty  func tion .
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Where r  i s  a radius v e c to r ,
= / f l  ' 2+ y ,
2 IT Dy
a ~ T 7 --- and ^oca  ^ I en9't h o f the lens.
To f in d  the spectrum the function  
4 J /  (a r  )
_ _ (jy
oo y
must be evaluated. However, th is  is  somewhat tedious and as the 
e f fe c t iv e  width o f  the spectrum is  a l l  th a t  is  needed, a more 
convenient so lu t io n , using the Ranke! transform, is  used
From a tab le  o f Hankel transforms i t  can be found th a t
J, 2(a r )  h t
2 f f  p  ^ -------—> S ( d )
r
and from the d e f in i t io n  o f  the Hankel transform
/ o, 2 (a r )  f . t .
p ( f ) = J - — 5—  dy <—— » s («)“  y%
-oo
Therefore i f  S(uj) can be evaluated, i t s  fo u r ie r  transform y ie ld s  
the re s u lt  required. However, since the width o f  the function  is  
a l l  tha t is  required, th is  can be s im p l i f ie d  s t i l l  fu r th e r .
The e f fe c t iv e  width f Ry o f  P (f)  is  given by
2
p P ( f )  d f ]
fRT d f
and by simple transform theory and Parsevals' theorem
f  - ---------- m -----
RT / S ( w ) 2 dw
S(w) = 2 c o s " 1 ( ^ )  -  f
S(w) = 0 > 2a.
The e f fe c t iv e  width o f  P (f)  was evaluated using th is  method 
and found to be
* 3 . 8  m
RT ~
f Ry is  the doppler broadening o f  the tran sm it te r  spot due to 
ro ta t io n  o f the ta rg e t.
A s im ila r  r e s u l t  ex is ts  fo r  the v i r tu a l  rece iver
spot. Thus as is  increased the rece iver spot con trac ts ,
causing a drop in the broadening u n t i l  DR = D~. The broadening
P
then remains constant. Thus we have two asymtotes to  thek
ro ta t io na l broadening func tion  f R
From tab les  o f  transforms S(w) i s  given as
137.
APPENDIX 4
DATA LOGGER
DEPARTMENT OF ELECTRONIC AND ELECTRICAL ENGINEERING
U n i v e r s i t y  o f  S u r r e y
A/D Converter and Recorder (MKl) Manual
Design 
Construction 
October 1971
E. Dagless 
G Dore
U N I V E R S I T Y  OF  S U R R E Y
DEPARTMENT OF ELECTRONIC AID ELECTRICAL ENGINEERING
A/D Converter and Recorder (MKl) Manual
Design 
Construction 
October 1971
E Dagless 
G Dore
INDEX
1•0 Introduction
2,0 Description of computer system
2*1 Computer data handling 
2«2 Sampling rate and accuracy 
2*3 ICL format
2*4 Basic description of operation
2*4*1 Single channel synchronous sampling 
2*4*2 Two channel synchronous sampling 
2 -k •3 Asynchronous sampling
3*0 Operating procedures 
4*0 Detailed description
4*1 Punch unit 
4*2 A.D.C.
4•3 Drive logic 
4*4 Counter
4*5 Amplifiers and multiplexer 
4*6 Control logic
4•6•1 Synchronous 
4*6•2 Asynchronous
4*7 Minor functions
5*0 Modifications and operating hints
5*1 Modifications 
5*2 Construction notes 
5*3 Use of colon 
5*4 Operating notes 
5*5 Data format 
5*6 End of tape mark
Appendix
DIAGRAMS
1 Block diagram
2 Front panel
-  1  -
3 Side panel
4 ADC
5 Drive logic
6 Counter
7 Amplifier and multiplexer
8 Control logic
9 Reset ccts
10 and 11 Power supplies
12 Clock generator
13 Timing waveforms
14 Modification ccts
Component list
-  2 -
1*0 INTRODUCTION
The initial requirement for a simple and cheap data logging system 
arose from my research into the properties of laser speckle patterns.
No system on the market offered single or two channel working at any 
reasonable speed or price. The completed system provides computer 
(ICL 1905) compatible paper tape at a total cost (excluding technicians' 
time) of around £500.
In the three months or so from the completion date to the present, 
enthusiastic interest in the unit, and requests for detailed information 
on the unit, has prompted me to write this report. To date there have 
been enquiries as to the feasibility of using this system on the fol­
lowing projects:-
1) Doppler signal data acquisition.
2) Submarine control system analysis.
3) Thermally stimulated current experiments.
k ) Hall rig measurements.
5) System analysis for MSc projects, 
many other possibilities also spring to mind.
This report includes relevant information for the particular 
requirements of the described systems as decided after consultation with 
the respective parties.
Chapter 2 describes basic design and tape format,
Chapter 3 the operating procedures,
Chapter h gives a detailed description of the operation.
The last section provides some hints to users and modifications for 
specific systems.
The Appendix describes the Channel 2 operation. This is put here 
because I feel that only the very few will want to read this section.
-  3 “
2*0 DESCRIPTION OF COMPUTER SYSTEMS
2 *1 Oomputer_data Jiandling
The ICL 1900 series computer has four modes of access for data, each 
with their idiosyncracies. These are summarised in Table 1.
Mode
Card
Paper tape 
Magnetic tape 
Direct link
Capital cost 
£
1000+
250 - 1000 
2000+
8000+
Speed
Ch/sec
50 - 500
20 - 300
20 IC
100 K+
Storage density 
V low 
low 
high
Not applicable
Table 1 data transfer modes for 1900 computers
Paper tape provides a low cost link but at the expense of speed of 
acquisition. The magnetic tape system is preferable, and less time con­
suming at. the .computer terminsd., ;but, the cost, is •prohibitive. With these
considerations in mind the logger was designed to provide computer 
compatible paper tape, with a view to converting to magnetic tape if 
the possibility arose,
The maximum sampling rate of a data logging system is limited by 
the hardware storing the data (paper tape punch, magnetic deck). To 
maintain the standard format one has to trade off accuracy for speed.
As sampling speed was of secondary importance an accuracy of 1:1000 was 
selected, the 40 ch/sec rate of the punch being reduced to a maximum 
sampling rate of 10 samples/sec.
(Note:- the sampling rate can reach the maximum rate of the punch but 
only at the expense of accuracy and loss of standard format. See 2*3 
on formating.)
2‘3 ICL 1900 Standard Format (ASCII)
The paper tape format for all digits 0 - 9 is the standard BCD 
code and parity bit.
Characters are combined in sequence (MSB first) to form numbers, 
these numbers being separated by a standard character (newline in this 
system), To represent a 3 digit decimal number four characters must 
be used
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Sym bol 
0 
1 
2
3
4
5
6
7
8 
9
newline 
TC4
erase
Table 2a Standard ICL characters. 
Channels 79 6, 59 are always 
the same for digits.
8 7 6 5 4 3 2 1
0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 0 0
0 0 0 0
0 0 0 0
0 0
0 0
0 0 0 0
0 0 0 0 0 0 0 0
0 0
1 0 0 0 0
1 0 0 0 0
3 0 0 0 0
0 0
6 0 0 00
9 0 0 0 V *0
erase 0 0 0 0 000 0
5 0 0 0 0
0 0
Table 2b A typical section 
of tape.
All the characters available on the unit are shown on Table 2a 
columns 1 - 4  form the BCD word and column 8 the parity bit. The other 
symbols shown will be described later, (see 5*3 - 5*6). A typical section 
of a tape is shown on Table 2. This indicates two numbers punched as 
596 followed by 311*
An improvement in sampling rate could be obtained by using a format 
below.
8 7 6 5  * 4
( 0 0  ) (3rd BCD word) (
( 0 0) (1st BCD word)
3-2 1
0 0) (2nd BCD word)
Alternative format for higher speeds shows 3 5 6  punched to use only two 
punch characters. This is an inconvenient method because a special 
unscrambling program is required.
For use and arranging of paper tape with an Algol program see the 
Algol Manual.
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2.4*1 Single_channel_operation_automatic _samp_ling_at _either 9
1*5,/sec. See Figure 1.
The signal to he sampled is applied at channel 1 and amplified, if 
necessary, and fed to the ADC input. Operation is then as follows:
1) On command the signal is sampled and converted to 
3 BCD words on 12 parrallel outputs of the ADC
2) the most significant word (hundreds) is punched 
on tape
3) the next word (tens) is punched
4) the least significant word (units) is punched
5) the newline is punched
then repeated from 1 .
To speed up the cycle operation 1 is performed at the same time as 
operation 5. There is a delay between the word being selected at the 
ADC and the punch command to give time to generate the parity bit and 
to let the digits ripple through.
At operation number 5 a pulse is applied to a counter and when this 
reaches either 1000, 500, or 250 the sequence is halted and the machine 
stops.
2*4*2 Two channel operation
Signals are applied at inputs 1 and 3. On command channel 1 is 
converted, as before, and channel 3 is sampled and held. When channel 
1 has been punched channel 3 is then converted and punched. This 
sequence is repeated, but as punch rate has not been changed the sample 
rate is now half that for mode 2<4*.l.-
2*4*3 Asynchronous operation
For the operation described in 2*4*1 and 2*4*2 the sequence 1 - 5 
is automatically repeated until the required number of samples are 
obtained. In the asynchronous mode an external sample command can be 
given which will start the sequence. When 5 has been performed the 
cycle stops and waits for the next command. The counter still operates 
and halts the cycle at the specified time.
2*4 Basic description  o f  operation
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If operating on two channels the two pulses must be applied for 
every sample required.1
These pulses need not be equally spaced and indeed if the time 
interval between samples is large two pulses together may be better 
(see 4*5).
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3*0 OPERATING PROCEDURES
The operation of channel two will not be described here so as to 
avoid cluttering the important details with information that only the 
few will want (see appendix).
Refer to front panel photographs Figures 2 and 3.
1 Switch_on
An automatic delay prevents the machine starting up after switch on 
(reset delay figure).
2 and 3 fiain_control (Channel 1 and Channel 3)
A four position gain control in each channel has gain values 
1, 39 10, 30, 100; note At high gain the input impedance is low.
Channel 1 Channel 3 Gain
1 1 1
2 2 3
3 3 10
k h 30
5 100
^ (Channel l)
This gives an offset of ± 10 V at the output ie for gain of 10 
offset is ± 1 V at the input. This can be modified to give ± 10 V at 
input if required.
5a Channelrigst_switch
Selects outputs of the amplifiers- tb check that1-■gain is’-’correct-' 
ie input to ADC is in the range 0 - 10 V.
1) Comparator (Channel 2)
2) Channel 3
3) Channel 1
4) Channel 2 
5b Voltage_range
Alters voltage range on meter for setting input offset accurately.
1) 1 V FSD
2) 3 V FSD
3) 10 V FSD
The voltage at the voltmeter appears here for visual check on 
oscilloscope etc.
6 Start1
Initiates the clock pulses on all modes. If operating under 
asynchronous sampling then this opens gate ready for the first sample 
command.
7 Stop1
Inhibits the clock pulses and stops the basic sequence immediately.
8 Clear
Clears the two registers controlling the main sequence.
9 Reset
Sets the registers to the starting position.
Note: the sequence 7 ~ 8 - 9 should always be performed to ensure the 
registers are correct for starting and before using the manual controls.
10 Feed
Feeds paper tape without punching.2 
11a Clock_sgeed
1 9/sec
2 6/sec Note these must be divided by 2 if
3 3/sec using channel 3.
k l*5/sec
Tib Sample_counter
1) 1000
2) 500
3) 250
On new machines an inhibit counter switch will be incorporated.
1
Later models will have an automatic start stop facility as well as 
manual,
2
On original the sequence 7 “ 8 - 9 must always follow the use of 
number 10. This will be modified on later machines.
5°
12 M irfti2lex_and_s^gleJiold
Switches in the logic for the multiplexer and sample-- hold when using 
channel 3.
13 §^nchronous_~_as^nchronous_mode
Selects either the automatic sampling rate set "by switch 11 or 
allows asynchronous sampling under external control via socket number
k♦
1) Asynchronous
2) Synchronous
The following operations are all manual functions for editing tape and 
closing off the tape. The stop-clear-reset sequence must he performed 
before using any manual button after using the automatic buttons.
14 -  17 ManmHfi^§_and_selected_symbols
By using these switches data can be punched onto tape for numbering 
tapes or adding multiplying factors etc. The colon shown earlier in the 
format description is obtained by switching 15 and 17 on and punching3.
18 Manual_punch
When the numbers have been set by switches l4 - 17 this button is 
pushed to activate the punch.
19 Newline
Depressing this button punches a newline,
20 End_of_tape__character_or_TCU
If button 20 is held down and 19 pressed the E.O.T character is 
punched.
21 Erase
Should an error he made, on a tape, the character can be erased by 
manually backspacing the punch (knurled disc on the side of the feed 
mechanism) holding down button 21 and depressing the manual punch 
button (18),
This symbol has a special use (see 5*3).
3
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Sockets
1) Channel 1 input
2) Channel 2 input
3) Channel 3 input
4) External sample input
5) Punch signals output.
22a and b
Channel 2 gain and input offset respectively. For gain figures 
see 2.
4
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The control unit is the heart of the system and controls all the 
various functions. However it aids comprehension of operating procedures 
if the peripheral equipment is described first.
’O' indicates logical 0 fl f logical 1 •+• means the signal
changes to the state shown next.
4;1 Punch unit
To operate the punch 9 signals must be applied. Eight are the 
coding signals for each channel, a negative going edge indicates a 
punched hole. No change leaves the tape blank. The punch signal, applied 
at the same time, (also a negative edge), initiates the punch and transport 
sequence in the punch unit.
4*2 ADC (Figure 4)
A transition from '1* -> 'O’ starts convertion (SA ) and while this is 
happening is at ’I 1 and -*• *0* when conversion is complete. The 
potentiometer is an input offset to correct for unbalance in the input 
amplifier, adjust to give 000 when no signal applied. The input signal 
must be in the range 0 -10 V
^*3 (Figure 5)
The ADC output appears at the 12 lines on the left of the diagram.
When TI ■> *1* the four lines are transferred to the bank of lamps and 
2 input nand gates. Parity is generated by the mass of 4 input gates 
in the centre and the signal passes to line 8. When strobe *+ 'l1 there 
is a negative transition on all those lines with a '1' present and 
these are then coded. * Similarly for T2 and T3 each selecting their- 
respective words. When newline ■+ 'O’ channel 2 and 4 are coded and if 
TC4 is depressed and newline !0 ? then channels 3 and 8 are coded. If 
E is depressed all the lines -+ 'l1. When any of the manual switches 
M - M4 are energised the respective lines ■+ ’1*. The diodes between 
line 4 and lines 2 and 3 inhibit signals on either 2 and 3 if 4 is at 
a fl ’ ie it cannot punch anything above 1001 in a BCD word.
4*0 DETAILED DESCRIPTION
See punch description.
4
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Every sample cycle a pulse arrives at Di and enters the 10 bit 
counter at a point determined by switch Sz. Mien the correct com­
bination turns up the 8 input nand gate flips and end *> 'O’
The DAC generates a ramp voltage as the counter increments, (used 
on channel 2).
4• 5 The_amgljLfier_and_multiglier (Figure 7)
The amplifier circuits are common and will not be described here.
The multiplier signals are derived from the outputs of 1 J - K.
The J - K is switched at the sampling rate, the reed delays RI and R2 
alternating, selecting channel 1 then channel 3 respectively.
The sample and hold is a large low leakage capacitor and a FET 
input Amp.
The reed relay R3 opens when channel (l) is converted. The voltage 
is then held until sampled at the output of the FET amplifier. As 
channel 3 is held by the Sample/Hold circuit and only released when the 
next sample pulse arrives, this interval should not be too large. On 
synchronous operation this is no problem as the largest interval is 
1*5 secs, but with slow sampling speeds on the asynchronous mode the 
capacitor may discharge a significant amount, producing errors in 
sampling. As both channels are actually sampled together it is imma­
terial when channel 3 is converted. Under such conditions it is better
to provide a double pulse say 2 secs apart when the sample interval is
greater than 10 secs.
4*6 Control logic (Figure 8)
This is described under two operating headings.
4»6»1 Synchronous (automatic sampling) TI and T2 in position 2
All other switches are at rest in position 1. At rest the line 
from J - K number 1 to gate (2) is at *0* and inhibiting the clock.
Mien ‘start* is pressed the clock passes through gates (2), (3), (4),
(5) to the 3 bit shift register(l) previously cleared and reset with a 
*1* at terminal 13. As the clock operates this *1* cycles the register. 
Every time a *1* appears at 15 the register (2) is advanced. This also 
resets with *1* at terminal 11. Mien the *1' appears at TI the MSB of 
the ADC is transferred to the output (see 4*3). On the next clock pulse
Counter (Figure 6)
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the *1' in register (l) appears at pin lU which passes through gates 
10, and 13 to code the punch, and through MS2 and P as the punch 
signal. This is repeated e v e r y  cycle of register (l) sequencially 
selecting TI, T2S T3. Then on the fourth, gate (13) is inhibited and 
the signal passes as the newline signal this time punching the newline 
character. This cycle takes 12 clock pulses. When the *1* appears at 
pin 11 of register (2) it also passes through switch TI and gate (17) 
to start conversion. The converter then generates 3 new BCD words and 
the punching cycle is repeated.
When stop is depressed to position 2 the ’O' at gate (2) stops 
the clock and triggers the J - K (l) to set l4 to 'O’ holding gate (2) 
off. Depressing the start button sets (l4) of J - K (l) to *1’ opening 
gate (2) for the clock and starting the converter.
Every cycle the ’1 ’ appearing at 11 passes through gate (ll) (when 
pin 15 of register (l) is at '1') through (l4) to the counter. End is 
normally at '1* and when the counter reaches its preset value 1000, 500, 
250, end -* 'O'. When pin 11 of register (2), pin 13 of register (l) 
and the clock at pin 1 register (l), all go to the clock is stopped 
ie at the end of the last punching sequence. This also activates the 
self-holding J - K (l).
4*6*2 Asynchronous_mode TI and T2 position 1
The only difference in operation is that the convert signal now
comes from the sample signal Do which is fed from the external source. 
At the same time the clock is inhibited by pin 3 of J - K (3) being set
to ’O' by reset line. The sequence is as follows
Start depressed. Do **■ 'O' and the ADC converts holding E
i i
at '1' until it has converted. E^ then + 'O’ letting the 
clock through gate (7) to the J - K (3) thus setting pin 
15 to ’1’.
The clock then passes through (3)-(4)-(5) and the basic 
sequence starts. Only this time when pins 11 of register
(2), 13 of register (l) and 1 of register (l) all go to
’1’ the clock is inhibited by clearing J - K (3) through
gates (8) + (9). The sequence repeats when Do •+ ’O'.
This assumes that Do •+ *1* sometime before.
Uote:-
The applied sample pulse, Do, must be long enough for at least one 
clock pulse to pass to J - K (3) to start the sequence.
-  Ik -
All other operations are common to both modes. C, a clear switch, 
clears register (l) and (2). MSI and MS2 applies a pulse to the punch 
to manually punch a signal. MN applies a punch signal and newline 
coding for a newline character, (the registers must have been reset 
for both these operations).
F allows the clock through to the registers but inhibits any coding 
signals to pass to the punch (gate 10) therefore only punching sprocket 
holes. It is more convenient if this stopped in the reset position, a 
modification that can be made easily, (see 5*1).
The reset lines R^ and R^ come from circuits shown in Figure (9) 
when first switched on C in circuit is uncharged and charges through the 
resistor. Rg is ’I1 and reset line at '1*, holding all register and 
J - K ’s. After a few seconds Rg -*• ’O' and all logic is released but 
in the reset position, preventing a runaway after switch on. When R.ix
'O’ all are reset.
Timing wave forms are shown in Figure 13.
k • 7 Minor_functions
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5*1 Modifications
The various modifications are shown on Figure l h . All are really 
self explanatory. The feed modification is to leave the registers in 
the reset position and therefore reduce the number of stop-clear 
depressions the operator has to perform.
5*2 Construction_notes
The machines for S Williamson will not have channel 2 present or 
the DAC on the counter circuit. All the modifications should be 
included.
If a unit is constructed for the Implantation Group it will be of 
a similar design.
5*3 Use_of_the__colon
As the counter is not totally immuned to noise the number of samples 
taken is not always equal to that set by the counter switch. For this 
reason it is best to allow for the program to take 99% o f  the data for 
calculation and ignore the other 1% . If a colon is the last symbol on 
the tape the program can look for this knowing it is the last character. 
The program can then look for a new tape after finding the colon.
5.4 Operating^notes
To prevent the computer unit messing the tapes up, always manually 
number a tape so it can be checked by the program. The number can be 
ignored when computation is started.
When using the machine with channel 2 present and providing external 
sample pulses, before starting always make sure the comparator output 
(position 1 on switch 5a) is + ve «*5 V. To do this adjust the input 
offset control (22b) until channel 2 is negative. The comparator is 
then +ve,
5*5 Data^format
As the data logger does not put a decimal point onto paper tape, 
this must be performed in the program. The number on tape is a three 
digit number ie 000 - 999 and to get this to the correct voltage it 
must be divided by 100.
5*6 End_of_tape_mark
The end of every tape must be marked with an 'end of tape* character.
5-0 MODIFICATIONS AND OPERATING HINTS
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N e w lin e  
TC4 (EOT)
N e w l in e
T h i s  c a n  b e  p e r f o r m e d  v e r y  e a s i l y  u s i n g  b u t t o n s  1 9  a n d  2 0  ( s e e  3 - 0 ) .
The se q u e n ce  i s
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C h a n n e l  __ 2
When u s i n g  c h a n n e l  2  i n  c o n j u n c t i o n  w i t h  c h a n n e l  1  t h e  d a t a  l o g g e r  
i s  c o n v e r t e d  t o  a  d i g i t a l  e q u i v a l e n t  o f  a n  X -  Y p l o t t e r  t h e  X s i g n a l  
i s  a p p l i e d  a t  c h a n n e l  2  a n d  t h e  Y s i g n a l  a t  c h a n n e l  1 .
The X s i g n a l  m u s t  o n l y  i n c r e a s e  a n d  i t  s h o u l d  do t h i s  s l o w l y .  The  
maximum r a t e  o f  i n c r e a s e  i s  show n b e l o w  f o r  t h e  f a s t e s t  c l o c k  s p e e d .
1 0 0 0  s a m p le s  9 0  mV/sec
5 0 0  s a m p le s  l8 0 m V / s e c
2 5 0  s a m p le s  360m V /sec
I f  s l o w e r  c l o c k  s p e e d s  a r e  u s e d  t h e n  t h e  n um bers  m u s t  b e  m u l t i p l i e d  b y  
t h e  r a t i o  o f  t h e  c l o c k  s p e e d s  i e  a t  a  c l o c k  s p e e d  o f  3 / s e c  n o t  9 / s e c
t h e  r a t e  o f  i n c r e a s e  f o r  1 0 0 0  d r o p s  t o  3 0  m V / sec .
§ S ® i 2 _ t i e s c r i p t i o n _
C h a n n e l  2  m u s t  h e  o f f s e t  t o  h e  b e l o w  z e r o ,  t h e n  a s  i t  p a s s e s  t h r o u g h  
z e r o ,  a f t e r  p r e s s i n g  t h e  s t a r t  b u t t o n ,  i t  i s  g r e a t e r  t h a n  DAC o u t .  A 
s a m p le  i s  t h e n  t a k e n  o f  c h a n n e l  1  a n d  DAC o u t  a d v a n c e d  o n e  i n c r e m e n t .
When t h e  s i g n a l  a t  c h a n n e l  2  b e co m es  g r e a t e r  t h a n  DAC o u t  a g a i n ,  a n o t h e r  
s a m p le  i s  t a k e n .  T h i s  i s  r e p e a t e d  a t  e q u a l  v o l t a g e  i n c r e m e n t s  f r o m
0  -  1 0  V i n  s t e p s  o f  e i t h e r  1 0  -  2 0  -  ho mV.
The d a t a  o n  t h e  t a p e  t h e n  r e p r e s e n t s  t h e  s i g n a l  a t  c h a n n e l  1  s a m p le d  
a t  e q u a l  v o l t a g e  i n c r e m e n t s  o f  t h e  s i g n a l  a p p l i e d  t o  c h a n n e l  2 .
T h i s  f a c i l i t y  i s  u s e f u l  w h e r e  o n e  h a s  a  l i n e a r  t r a n s d u c e r ,  i e  
Vq a  T ,  b u t  T ,  t h e  te m p e ra r t s u fe , d o e s  n o t  r i s e  u n i f o r m l y .  S a m p le s  t a k e n  a t  
e q u a l  t i m e  i n t e r v a l s  a r e  n o t  l i n e a r l y  r e l a t e d  t o  t e m p e r a t u r e  b u t  s a m p le s  
t a k e n  a t  e q u a l  v o l t a g e  i n c r e m e n t s  a r e  d i r e c t l y  r e l a t e d  a n d  c a n  b e  
c a l i b r a t e d  a s  s u c h .
APPENDIX
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RESET MODIFICATION
10 K FIG lU
COMPONENTS
B u r r  Brown ADC No ADC 30-12N -B C D
B u r r  Brow n FET AMP 
D a y te c  P un ch  P L 8 2 2 1 1
Logic^gates
1 0 7400N 2 7U30N
k 7404N h 7476N
h 7 410N 2 7493N
k 7420N 2 7496N
S w i t c h e s
7  p u s h  c h a n g e o v e r  2  2  p o l e  p u s h  c h a n g e o v e r
2  2  p o l e  2  w a y  s w i t c h
5 s w i t c h  c h a n g e o v e r
2  2  p o l e  5 w a y  Mbb
1  1  p o l e  4  w a y  bbM
1  3  p o l e  3 w ay  bbM
M i s c e l l a n e o u s
1  R/S m e t e r  MR215 -  AMP
1  R/S r e l a y  t y p e  4 0
1 1  la m p s  a n d  la m p  h o l d e r s
3 r e e d  r e l a y s  ( c l a r e  e l e c t r o n i c s )
1 2  B C 107
1 2  ZTX 3 0 2
2  0A 7
k B C 109
1 2  ZTX 5 0 2
R e s i s t o r s  1 /
4  1 0 0  K 2  3 3  K 2  1 0  K
2 3 * 3  K 2  I K
C a p a c i t o r  1  * P o l y s t y r e n e
P o w er  s u p p l y  c o m p o n e n ts  a s  i n  c o t  d i a g .
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APPENDIX 5
CALCULATION OF 1 / Y 6 AND 1 / 3
I t  h a s  b e e n  show n i n  c h a p t e r  3 t h a t  i t  i s  p o s s i b l e  t o  
d e t e r m i n e  t h e  v a l u e  o f  l / y 3  and  1 / 3  f r o m  t h e  p h o t o d e t e c t o r  c u r r e n t  
( 3 . 4 ) .  In  t h i s  s e c t i o n  t h e  d e t a i l s  i n v o l v e d  w e r e  n o t  d i s c u s s e d ,  . 
t h e s e  a r e  now p r e s e n t e d .
C o n s i d e r  an  i n t e r f e r o m e t e r  w i t h  l a s e r  p o w e r  P s p l i t  
i n t o  t h e  r a t i o  m / ( l - m )  ( s e e  f i g .  1 ) .  The s i g n a l  b e a m  t h e n  p a s s e s  
t h r o u g h  t h e  t r a n s m i t t e r  a p e r t u r e  w i t h  a p o w e r  l o s s  o f  Vn so  t h a t  
t h e  p o w e r  P y f o c u s e d  o n t o  t h e  t a r g e t  i s  g i v e n  b y :V Vn °"m) Pn .
w h e r e  n s i g n i f i e s  t h e  n t h .  e x p e r i m e n t a l  m e a s u r e m e n t .
I f  t h e  l o c a l  o s c i l l a t o r  p a s s e s  t h r o u g h  t h e  r e c e i v e r  
a p e r t u r e  w i t h  l o s s  Qn t h e n  PRq i s  g i v e n  b y :
PL0 = V " > ‘ Pn
From e q n s .  3 . 3 . /  and  3 . 4 . 1  t h e  s i g n a l  I f l r  c a n  be  f o u n d  t o  be
n
V  <4  1(p V 1 '"1) m ¥  1 ^ > n >* A ' 5 ' 1
Thus p r o v i d e d  t h e  p a r a m e t e r  i n  e q n A 5 . 1  c a n  be m e a s u r e d  y 3
c a n  be  d e t e r m i n e d  f r o m  t h e  m e a s u r e m e n t  o f  I fir . H o w ever t h e
n
d i r e c t  m e a s u r e m e n t  o f  Pn p r o v e d  d i f f i c u l t  and  an  i n d i r e c t  m e th o d ,  
u s i n g  t h e  l o c a l  o s c i l l a t o r ,  w as d e v i s e d .
The l o c a l  o s c i l l a t o r  p h o t o d e t e c t o r  c u r r e n t  r L0 i s
g i v e n  b y
I L 0 r i Kp Qn mPn A - 5 ' 2
and  s u b s t i t u t i n g  t h i s  i n  e q n .  A 5 . 1  g i v e s
139.
2
A . 5 . 3
n
4 (1 -ni) Vn
Now i f  I AC an d  a r e  m e a s u r e d  w i t h  a m i r r o r  a s  t h e  t a r g e t  l / Yg 
i s  u n i t y .  Thus r e a r r a n g i n g  e q n .  A . 5 . 3  and i n s e r t i n g  a s u f f i x ,  
m i , f o r  t h i s  m e a s u r e m e n t  i t  c a n  b e  f o u n d  t h a t
Vm  ^ and  Qm. a r e  t h e  t r a n s m i t t e r  and  r e c e i v e r  a p e r t u r e s  f o r  t h i s  
c o n f i g u r a t i o n .  S u b s t i t u t i n g  e q n .  A . 5 . 4  i n  A . 5 . 3 .  g i v e s  t h e  r e s u l t
T h i s  e x p r e s s i o n  sh ow s t h a t  i t  i s  p o s s i b l e  t o  d e t e r m i n e  1 / Y $ 5 
b y  m e a s u r i n g  f o u r  p h o t o d e t e c t o r  c u r r e n t s  and  tw o  a p e r t u r e  r a t i o s .  
D e t e r m i n i n g  t h e  a p e r t u r e  r a t i i o s  i s  a s i m p l e  e x e r c i s e  and  I^g
A . 5 . 5  when t h e  v a r i o u s  p a r a m e t e r s ,  m e a s u r e d  d u r i n g  t h e  c a l i b r a t i o n  
p r o c e d u r e s ,  and  e x p e r i m e n t a t i o n ,  w e r e  p r e s e n t e d  t o  i t  on c a r d s  
o r  p a p e r t a p e .
F o r  t h e  c a l c u l a t i o n  o f  1 / ‘ 3 a s i m i l a r  e q u a t i o n
c a n  b e  o b t a i n e d .  The s i g n a l  c u r r e n t  I i s  g i v e n  by
n
and  t h e  l o c a l  o s c i l l a t o r  c u r r e n t  b y  e q n .  A . 5 . 2  (The s i g n a l  
and  l o c a l  o s c i l l a t o r  a r e  n o t  p r e s e n t ,  a t  t h e  p h o t o c a t h o d e ,  a t  t h e
( 1 - m )
A . 5 . 4 .
A . 5 . 5 .
nn
an d  n e e d  o n l y  b e  r e c o r d e d  o n c e ,
mi
The c o m p u t e r  p r o g r a m  c a l c u l a t e d  1 / Y 3 f r o m  e q n .
s n
A . 5 . 6
1 4 0
same t i m e ) .  Thus
1  . V m •Q"
*  = xL 0 n - Vn
and a f t e r  r e c o r d i n g  I and  I^ q w i t h  a m i r r o r  p r e s e n t .
1 I s n '  I l-0 n n ‘ Qn' Vmi ' A ' 5 - 7-pr n nu____________
*1.0 * l s . * % '  ‘ Vn n nn
F o r  t h e  i n c o h e r e n t  c a s e  t h e  l o c a l  o s c i l l a t o r  s e r v e s  a s  a r e f e r e n c e  
f o r  t h e  l a s e r  p o w e r .  1 / P  w a s  co m p u ted  u s i n g  t h e  e q n .  A . 5 . 8 .  
a f t e r  p r e s e n t i n g  t h e  v a r i o u s  m e a s u r e d  v a r i a b l e s  t o  t h e  c o m p u t e r .
The m e t h o d ,  p r e s e n t e d  a b o v e ,  f o r  c a l c u l a t i n g  l/'tf/3 
and 1 / P  h a s  t h r e e  i m p o r t a n t  a d v a n t a g e s .  The m e a s u r e m e n t  i s  
i n d e p e n d e n t  o f  t h e  a b s o l u t e  l a s e r  p o w e r ,  i t  d o e s  n o t  d e p e n d  
on t h e  p h o t o d e t e c t o r  r e s p o n s i v i t y  and  f i n a l l y ,  t h e  m o s t  i m p o r t a n t  
p o i n t ,  i t  o n l y  d e p e n d s  on t h e  a p e r t u r e  r a t i o .  The l a s t  c o n d i t i o n  
m eans t h a t  a l l  t h e  c o m b i n a t i o n s  o f  Dy and DR can  be a c c o u n t e d  
f o r  b y  e i t h e r  m e a s u r i n g  o r  c a l c u l a t i n g  t h e  r a t i o s  o f  Dy and DR .
